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ABSTRACT 


The study was designed to obtain information on ground- 
water flow, and moisture above the water table, at selected sites 
in the Vegreville area and to relate this information to features 
of soil genesis revealed by detailed soil mapping and analysis. 

It was concluded that while deep groundwater flow is 
predominantly downward throughout the study area, numerous 
shallow flow systems are superimposed on this flow which in part 
owe their complexity to permeability contrasts within both bedrock 
and surficial materials. Under these conditions, tensiometers 
were particularly useful, in combination with piezometers, in 
providing information on flow close to the water table at individual 
sites. At high elevation where groundwater recharge predominates, 
soils ranged from Eluviated Black Chernozem through Humic Eluviated 
Gleysol to Orthic Humic Gleysol with decreasing depth to the water 
table. At low elevations where groundwater discharge occurs, 
gypsum and salt accumulation zones existed above the water table 
in all soils studied. Soils ranged from Alkaline Solonetz or 
Saline Black Solonetz where the water table was within 0.5 m of 
the surface through Black Solonetz where depth to the water table 
was between O.5 and 3.0 m, while an Orthic Black Chernozem occurred 
where the water table was around 2.5 m below the surface and the 
ratio of sodium to divalent cations in the discharging groundwater 
was less than at other sites. 


Groundwater is undoubtedly a contributing factor in soil 
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genesis in the Vegreville area, but effects of other factors, 
such as lateral flow above the water table in the more permeable 


surface horizons and rooting depths cannot be ignored. 
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INTRODUCTION 


Theories concerning relationships between soils and 
groundwater flow have existed for some time, but relatively few 
studies have been made to confirm them (Pawluk et al. 1969). An 
area of 100 square kilometres (38.5 sq. miles) was chosen by Dr. 
J. Toth of the Alberta Research Council and Dr. S. Pawluk of the 
University of Alberta for the purpose of investigating groundwater 
in relation to the Bene sie of Solonetzic sorls. Proximity to the 
Agriculture Canada Research Station, presence of salinity and 
solonetzic soils and a physiography fairly typical of the region 
as a whole, were among reasons for location of the area to the 
northeast of Vegreville. | Leskiw (1971) related soils within the 
chosen area to the apparent groundwater flow as indicated by 
surface features, such as vegetation, seepages, salt crusts, and 
moist depressions (sloughs), and also by analyses from existing 
wells. Deep piezometers were installed by the Water Resources 
Division of the Department of Environment, but full information 
from these could not be obtained before completion of Leskiw's 
study. The present study was designed to obtain detailed inform- 
ation of groundwater flow at a few selected sites within the same 
area, uSing piezometers. Information was also to be obtained on 
moisture regimes above the water table using a neutron probe, 
tensiometers and psychrometers, and on ground temperatures using 
buried thermocouples. This information was to be related to the 
soil characteristics around each site revealed by detailed soil 


mapping and by physical and chemical analyses, so as to evaluate 



























boa altos neewtsd aqinfanolitaleo: garmissno9 aoiisen? — 
wot vtowitalter dud’ ,onit omom 101 badnixe Hyatt wotk 
nA ~(G0@r «da 7s aviwes) aed) miiinos oF sham nead avail 
14 J dywodo aaw (aolim «pe ¢.88) eoatemolia. sisype OOF to. 


odd lo Auiwet .2 .10 bes Lionood Moxparsi sinsdiA oad to get ts 
e) 


- 


eft oF viimrxotd «alice sixvenoloe fo elasdap siti of nolinie? a , 


satewbowerp polteetiesvai to veoqtifq of9 ol einedlaA 168 er teven ke 


bna ¥Jiniles T6 soneeszg, ,forsare doasvesA sbanad ipniaunagee a 
. ee ike 


noipet edt Yo fasiqys YLaiwl yilqetpotauiq 4 bna elisa vistonolos >, 


a4 | | 
eid of soten S43 To mozrssool yot eH08851-Qroms. 5198 ,siorw,e ee. 


; oo, 
off diddiw efioe beraefes (1700) wikzat .stlivaagev to Jeseods1e0 


; : : 
vd botsoibai as wolt wiewbnvetp Jusisqds ois of AO7e noeada- aan 


bon ,eteuns Sime ,2epéaoss ,noivasopsv ea sfone, ,ao wind soutted ” 
. 5 


' a 
onkisies most adayians yd pels bia... (adpuwole) “oon te Lom 1 


soo1tuceen 193K art yd Bolinient o-tew 2issumoxsiq qeatl ation a 
sofiemiofakr 140% Jed ,tnompo1tvaAa to \nemiaaged oft lo noe ae 
? 


e'witkeed to meistsiqaos s10led béniaido od ton blued sept a . 


ee 
2 tt 3 


-wrotar bolisteb nistido o3 bengiesh 2aw yhuse ianses1q SAT 


owpje eff nisitiw aotia Welooive wor A js wolt 19Jewhaunip 46 


wo bettiatde ad of o216 eow nottamiethl .a7efemuxhid pare’ Gi 


- io 7 
; 
gnieu 20c03e39qGm@97 biuetg fo bia ,2 toromordoyeg ban aed - 


aft as bernlor 6d of #aw noliemiotat eidt at epoca . 
ioal wrt ; 


-sde1q douwtusn a pnhial eldes t9isw sid svods esmigoes 4 


Ligu-botiadeh yd betsovet stie fone bayors Bo kre! 


‘ gisutevn of sx oe ;sonytens Invimedts ban teak 
! . . ” a i 
. a ks 7 : 


7 7 = 


=F 7 i Ss — >|) a —— 






the influence of groundwater flow upon soil genesis. 
























ee | - Syenreese PLOW 


2 
: vache dettersn: dpprvachds hithe bean Used in wiad) 
et aa ae ee The first of these, *he mathematical o 


OF acces Seta, ie Ba ned ti de pendane« of ores » iow 
os mol i~serinis BbYSHEsE Tavs. (A nocond approncd, pies moter 


analysis, irivoives BCvUel Sensuroment of pytoetiain in the tiete, 
from. whieh Slow Miréctiowk can be derived. <A “hired approach usc 
heeacie Tasterée as inditcetors of grourndwateg chayectert st {ue 
PeGrth approach is the Erdroyeochemiual approach witch wake 
Ge the chemical cumpasition of grountwatur in the intes ret até, 
tt pL eA TT URRLE eRe EV ad EW 
groundwater fiew petterna. A fi Tth and fiva) appraach invelve: 
of wt ane hydregeoghs te caicutatu greundwater: ¢ ae 
this is piehaied oainky in bumid areas where « hi oh ee _' ¢ wh 
SinshAtod ichaches the st: eam, and even then onlv. 5A » 
jf Meahey 42 will met S¢ Conéidered fiers. The firat four senpwoectes 


are however diaciesed in detail tetew. 


' fay ited it Bathewaticat or theeretical appreack 
4 Baa. hie a) ; . s 
n eae ae (1940) developed the cancep! af fluid potentias 


IG slectrical potential, He defined it a ihe amuas 
pa oot “Anal required to tcenaport A Unit mane wf Ciuid 
- x mt ee : 

| As zens, Dees. Resi tien ard state io Odes 


- paneeres: Fluid potential included a Compones' 
and a component from wirk agains! presaur: 






ou, TL fave a 


’ 2s 





LITERATURE REVIEW 


I - GROUNDWATER FLOW 


Several different approaches have been used in studies 
of groundwater flow. The first of these, the mathematical or 
theoretical approach, is based on dependance of groundwater flow 
on well-defined physical laws. A second approach, piezometric 
analysis, involves actual measurement of potentials in the field, 
from which flow directions can be derived. A third approach uses 
surface features as indicators of groundwater characteristics. A 
fourth approach is the hydrogeochemical approach which makes use 
of the chemical composition of groundwater in the interpretation of 
groundwater flow patterns. A fifth and final approach involves use 
of stream hydrographs to calculate groundwater discharge but since 
this is useful mainly in humid areas where a high proportion of the 
discharge reaches the stream, and even then only on a regional 
scale, it will not be considered here. The first four approaches 


are however discussed in detail below. 


Mathematical or theoretical approach 


Hubbert (1940) developed the concept of fluid potential 
as analogous to electrical potential. He defined it as: the amount 
of work that would be required to transport a unit mass of fluid 
from some arbitrary chosen standard position and state to the 
position and state considered. Fluid potential includes a component 


from work against gravity and a component from work against pressure 
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and can be expressed in the form: 
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P is pressure exerted by a column of water; Po is atmospheric 
pressure; p is fluid density; g is acceleration of gravity; 
Zis the height above datum of the potential in question. 


Toth (1962), 1963) applied the work of Hubbert to an 
idealized case of the small drainange basin in the Prairie environ- 
ment. Such a basin, he defined as: 'An area bounded by topographic 
highs, its lowest parts being occupied by an impounded body of 
surface water or by the outlet of a relatively low order stream, 
and having similar physiographic conditions over the whole of its 
surface'. He suggested that such a basin would not exceed an area 
of several hundred square miles. He showed that in such basins, 
river valleys are not cut into the landscape sufficiently to act 
as line sinks, and therefore groundwater discharge occurs through- 
out the lower half of the basin and is separated from groundwater 
recharge on the upper slopes by a theoretical midline. Toth showed 
that topographic irregularities within such a basin produced their 
own groundwater flow systems which were superimposed on the main 
(regional) flow system of the basin. For convenience, he classified 
the flow systems as Regional, Intermediate and Local (Figure 1), 
though there is no theoretical upper limit to the number of flow 
systems possible. 

Mathematical solutions to groundwater flow problems 

< 
involve application of the steady-state form of Richards equation 
(Richards 1931) to find the fluid potential at various points 


within a theoretical model of a basin. The equation is valid for 
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—<— Flow Direction — ——Line separating flow systems of different order 


Figure 1. Vertical cross-section showing Local, Intermediate 
and Regional flow systems in a theoretical small 
drainage basin (After Toth. 1962)". 





isotropic media, and for anisotropic media where the principle 
directions of anisotropy coincide with the co-ordinate axes (Childs 


1957). It can be written in the form: 
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x,y and z are the co-ordinate axes; Kx, Ky, Kz are hydraulic 
conductivities in the x,y and z direction respectively; 0 
is potential; © is volumetric moisture content; t is time. 


Even with simplified flow systems and boundary conditions, 
mathematical solutions using this equation were impractical prior 
to the development of modern computers. Instead, two dimensional 
laboratory water-flow models or electric analogues were used, and 
these are still considered useful for solving groundwater flow 
problems. Freeze and Witherspoon (1966) have however succeeded in 
using computers to solve both two and three dimensional flow 
problems, even where several materials of contrasting permeability, 
and anisotropy have been included. The programs involve solution 
of an extremely large set of simultaneous equations by an iterative 
procedure, for every point within the basin for which the fluid 
potential is required. Although of considerable value, such 
mathematical solutions are all dependant on simplification of the 
natural situation, and can never be a complete substitute for field 


measurements. 


Piezometric analysis 


Fluid potential can be expressed as total head, which at 


a given point is the height of a column of water that can be 
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supported at that point (pressure component) plus the height of 
that point above standard datum (elevation component). It follows 
that the water level in a tightly cased well (or piezometer) 
expressed as height above sea level, is a direct measure of ground- 
water potential within the flow system, at the point where the well 
or piezometer terminates. Normally several piezometers are 
installed at a single site, constituting a nest, as this allows 
vertical hydraulic gradients to be measured. Nests are usually 
situated in a line at right angles to a river, because flow 
parallel to the river is normally small compared to flow towards 
the river, and can be neglected in the construction of equi- 
potential lines in a simplified two dimensional diagram. If the 
assumption can be made that the geology is homogeneous and iso- 
tropic, then flow lines simply intersect equipotential lines at 
right angles. However, in non-homogeneous materials, refraction 

of equipotential lines and flow lines occurs at the lithological 


contacts according to the tangent law of refraction (Hubbert 1940): 
8 K 
Tan 1 1 


- 8 K 
an 9, 5 


Ki and Ko are the hydraulic conductivities of the materials 
and © is the angle between the equipotential line and the 
lithological boundary or in the case of a flowline, the 
angle between the flowline and the normal to the boundary. 


Provided the degree of anisotropy can be estimated, and 
it is usually very pronounced in sedimentary materials, then angles 
of intersection of flowlines with equipotential lines can be 
calculated for a diagram with no vertical exaggeration as described 


by Maasland (1957) and Liakopoulos (1965). Where vertical exagger- 
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ation is desired, its effects on angles of intersection must also 
be taken into account (Van Everdingen 1963). 

Unfortunately, water movement into and out of a well or 
piezometer results in a time lag in registering changes in fluid 
potential, which can be significant in poorly permeable materials. 
The lag may be minimized by reducing the diameter of the upper 
piezometer pipe stem. Usually however, corrections are made for 
time lag using the method of Hvorslev (1951). Piezometer time 
lags may at the same time be used to estimate hydraulic conduct- 
ivities which in combination with hydraulic gradients provide an 
estimate of rates of flow, using Darcy's law. The procedures are 


explained in greater detail under ‘analytical methods'. 


Surface features 


Surface features have been shown to be reliable indica- 
tors of groundwater conditions. Toth (1966) presented the follow- 
ing classification of such features observed in the Trochu area of 
Alberta: 

1. Features pertaining to environment: 
a) Climate, b) Relief, c) Geology. 
2. Features pertaining to water: 
a) Aspects of the actual presence or absence of water 
and its physical and chemical properties. 
Examples: springs, seepages, groundwater levels, 
flowing wells, and chemical and physical properties 


of the water. 
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b) Aspects associated with presence or absence of water 
and with its chemical and physical properties. 
Examples: natural vegetation, salt precipitates, 
"burnt crops", "soap holes", moist depressions, dry 
depressions, and man-made objects. 

Meyboom (1966, 1967a) emphasized the importance of 
vegetation as an indicator of groundwater conditions in south- 
central Saskatchewan. Willow-ringed sloughs for example indicated 
the presence of non-saline groundwater and while local discharge 
occurred into them in late spring and summer, they acted as a 
source of regional recharge during the period when the willow 
(Salix spp.) was dormant. Meyboom (1967a) listed various other 
shrubs besides willow which were found to be phreatophytic, that is 
capable of utilizing groundwater, and some of these could facilitate 
discharge from depths up to two metres. Halophytes, particularly 
Western sea-blite (Suaeda depressa (Pursh) S. Wats), Red Samphire 
Gsalvcoriia vubra, A. Nesi) atid salt Grass (Distichli's stricta 
(Torr.) Rydb) together with an absence of willows around sloughs 
indicated saline groundwater discharge. 

Lissey (1968) used plant communities as indicators of 
groundwater quality in his classification of sloughs in the Oak 
River basin in S.W. Manitoba. The presence or absence of the 
following plant zones were considered diagnostic: 1) permanent open 
water zone, 2) intermittent saline zone, 3) deep marsh zone, 

4) shallow marsh zone, 5) wet meadow zone, and 6) low prairie zone. 
Sloughs were classified into: 1) fast recharge, 2) slow recharge, 


3) fast fresh discharge, 4) slow fresh discharge, 5) fast saline 
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discharge, and 6) slow saline discharge. Piezometers however 
indicated that many of the fresh water discharge sloughs were 
really transitional between recharge and discharge. 

Leskiw (1971) used the surface features employed by Toth, 
Meyboom, and Lissey, in his mapping of groundwater in the Vegre- 
ville study area (Figure 2). “He classified sloughs into four 
categories: fast recharge, slow recharge, discharge, and indefinite. 
The areaas a whole was separated into five groundwater categories: 
i) recharge, ii) “discharge, iii))) indefinite, iv) discharge with 


island recharge, and v) recharge with island discharge. 


Hydrogeochemistry 


Schoeller (1959) noted three forms of zonation which are 
reflected in the chemical composition of groundwater: 1) geological 
zonation, 2) climatic, zonation, and 3) vertical zonation. 

Geological zonation is the most obvious. Chemical 
composition is controlled by minerals present and their solubility 
and tendency for chemical reactions. Amount of solution or 
reaction is influenced by time of contact between water and form- 
ation, which in turn is influenced by permeability, hydraulic 
gradient and length of flow path. It has been noted (Chebotarev 
1955, Schoeller,1959,)) that as the flow path increases there is an 
increase in the amount of dissolved solids and a tendency for the 
dominant cation to change from Gani BO Mg” to Na’ and for the 
dominant anion to change from HCO,” to. 50,  |torCls.. “The changes 


4 


are mainly brought about as a result of exchange reactions which, 
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Figure 2. Groundwater in the Vegreville study area, as mapped by 
Leskiw (1971) from surface features. 
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because of differences in ionic potential (ionic radius = charge), 
favour retention of calcium and magnesium and release of sodium, 
and as a result of solubility differences. Changes in anions 
occur because of solubility differences in combination with the 
dominant cations, and through reduction of sulphates. Geological 
formations in the Vegreville area are bentonitic, high in sodium, 
and contain carboniferous layers, and there should therefore be 
ample opportunity for all the above processes to occur. 

Climatic zonation is caused mainly by differences in 
rainfall. Low rainfall causes the water reaching the water table 
to be higher in dissolved ions than is the case in areas of higher 
rainfall. Temperature also influences the amount of water that 
reaches the water table, but it also has a more direct effect on 
lonic content through influence on solubilities and rates of 
reaction. 

Vertical zonation occurs first, because the length of 
flow path increases with depth. Water of shallow local flow 
systems may therefore have a completely different chemical composi- 
tion from that of intermediate and regional flow systems (Toth 
1966). Secondly, permeabilities tend to decrease with depth, so 
increasing time of contact; and thirdly, in the absence of other 
governing factors, more saline waters, because of their higher 
specific gravity, tend to remain below water of lesser salt content 


(Back 1966). 
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II - MOISTURE MOVEMENT IN THE UNSATURATED ZONE 


Liquid Flow 


Darcy's law, developed for saturated moisture flow, can 
also be used to describe unsaturated flow (Van Bavel 1969), but 
the hydraulic conductivity is no longer constant, but dependant on 
moisture content (Richards 1931, Childs and Collis-George 1950). 
Richards equation (Richards 1931) which is derived from Darcy's 


law therefore applies, but in the non-steady state form: 





= 200 Ss: Kx 30 [nO Ky 0d tO Kz 20 
ot ox ox ay Oy oz ez 


Kx, Ky, Kz are hydraulic conductivities in the x,y and z 
directions respectively, ~ is fluid potential, 9 is 
volumetric moisture content, t is time. 


For flow in one direction, the equation reduces to: 


380 = () Kz 30 
ot az oz 


(Klute 1952) 


The term diffusivity, analogous to heat flow diffusivity, 
has been used in connection with unsaturated flow. It is defined 


as: 


p sep oem 


de 


where dm is the matric component of potential. In terms of 


diffusivity, the flow equation, ignoring gravity, becomes: 
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2006) 3 a Baw D 99 (Klute 1952) 
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Where gravity potential is significant, the equation for vertical 


flow is: 


Ge Se apes ee eo ap g10S7) 
at 0z 0z Oz 


These equations have been developed for liquid flow 
resulting from matric and gravity potentials. Osmotic potentials 
are usually ignored as a mechanism for moisture movement in the 
liquid phase, in spite of evidence that soils high in clay may 
act partially as semi-permeable membranes (Kemper and Maasland 
196 eCaryeand Taylor 1967)... Other forces, also usually ignored, 
are London forces, adsorption, H-bond, and double layer effects. 
All these may however be significant at high moisture tensions, 
though they are difficult to account for quantitatively (Cary and 


Taylor 1967). 


Vapour Flow 


Water movement in the vapour phase can result both from 
convective (bulk) flow of soil air, and from diffusion of water 
molecules. Usually only diffusion is considered, since convective 
flow is probably significant only near the soil surface. In free 


air, diffusion is described by Fick's law: 





©" 


oa 


r+ wei 
ivag,) 

j LA 
ipif 

aa 796 
) vay f 
a] { Se 16 
anit IITA 


guedi 
tolyal 


ioe vTiOd 


ilessiom 


i wolt 


th . ie 





17 


dq/dt is mass transferred per unit time perpendicular to the 
x-axis, D is the diffusion coefficient, and dc/dx is the 
concentration gradient in the x-direction (Evans 1965). 


The equations may also be expressed in terms of conductivities, 
but only where osmotic and thermal contributions to vapour flow 
are negligible (Cary and Taylor 1967). The first equation then 


becomes: 





edd phane reeuidd 
he ax 


In soils, the flow rate is usually many times that in 
free air, and considerably greater than predicted by simple theory 
(Philip and De Vries 1967). The discrepancy arises because of 
heterogeneity of thermal conductivity of the soil's constituents, 
and also from an accompanying thermally driven liquid phase move- 
ment (Philip and De Vries 1957, Woodside and Kuzmak 1958). A 
tortuosity factor, J, which must be found experimentally for each 
specific soil and moisture content, has therefore been inserted in 
the vapour flow equations (Cary 1965). 

Rose (1965) measured both liquid and vapour conduct- 
ivities in six porous materials. In a clay loam soil, he showed 
vapour phase transport accounted for only 5% of total moisture 
movement, where the pore space was more than 15% filled. The pore 
space had to be less than 5% filled before vapour phase movement 
reached 50% of the total. He (1968) concluded that only at 
tensions greater than 15 bars was vapour flow of any importance. 
In field situations moisture movement must therefore be Largely in 


the liquid phase, except close to the soil surface. An exception 
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may be movement in frozen soils. 


Flow in Frozen Soil 


Moisture movement in frozen soil may be of particular 
Significance in Alberta, where below freezing conditions are 
encountered at some soil depth during seven months of the year. 
Flow in the vapour phase resulting from a temperature gradient, in 
the absence of osmotic and moisture gradients can be described by 


the equation: 


d d d 
a = - pp —— z (Philip and de Vries 1957) 
dt dT dz 








B is the tortuosity factor described in the previous section, 

D is the diffusion coefficient in air dp; /dT is the’relation- 
ship between saturated vapour density of water and temperature 
at the temperature concerned, which is obtainable from Dorsey 

(1940), and dT/dz is the temperature gradient. 


Taylor and Cary (1960) showed that a thermal gradient may 
cause large quantities of water to move in liquid phase, In a loam 
soil; Cary, (1965) ;oshowed) that. with a tension of,0.066. bars, a 
thermal gradient of O0.5°C per cm caused as much water flow as a 
hydraulic gradient of 2 cm of water per cm, and 80% of the flow was 
in the liquid phase. At a tension of 2.2 bars, the same thermal 
gradient moved as much water as a hydraulic gradient of 250 cm 
water per cm. 

Temperature induced liquid flow is complex, and occurs 
from several causes. First, flow from warm to cool zones occurs 
because the surface tension of water against air increases as the 


temperature falls. Second, moisture tension also increases with 
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temperature fall, so contributing to this flow. Third, even under 
saturated conditions, some thermally induced movement occurs, and 
it has been suggested that this results from kinetic energy changes 
associated with hydrogen bond distribution (Cary 1965). Fourth, 
flow may be caused by thermally induced osmotic gradients produced 
by salt migration, or the soret effect (Peyton and Turner 1962). 
Because of the complexity of thermally induced flow, Cary (1965) 


resorted to the phenomenological equation: 


dq Q dT 





= -K 
dt gT dz 








K is unsaturated hydraulic conductivity, Q is liquid phase 
heat of transport, g is acceleration due to gravity, T is 
absolute temperature, and dT/dz is the temperature gradient. 


Significant moisture movements in frozen soil have been 
reported in many locations (Lebedeff 1927, Meyer 1960, Jumikis 
1962). Upward movements resulting in a fall in the water table 
and increasing the soil moisture content to saturation have been 
reported by Schneider (1961), Ferguson (1964), Willis et al. (1964) 
and Benz et al. (1968). Evidence for this phenomenon on the 
Canadian Plains has been contributed by Meyboom (1967b), Pelton 
et al. (1968), and van Schaik and Rapp (1970). Moisture vapour 
movement occurs along a vapour pressure gradient, as in unfrozen 
soil, but it is the vapour pressure of ice that must here be 
taken into account (Hoekstra 1966). Most moisture movement is 
however probably in the form of unfrozen liquid films in equi- 
librium with ice (Jumikis 1962, Hoekstra 1966). When moisture 
tension increases, freezing point is lowered, so with decreasing 


temperature, moisture films become thinner and are held with 
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increasing tension. Liquid flow rates, unlike vapour movements, 
are therefore highly temperature dependant in frozen soil. Another 
important feature of moisture movement in frozen soil is that the 
driving force, which results from differences in the chemical 
potential of water, is almost independent of soil water content 
(Hoekstra 1966). It is independant because, as soil water content 
increases under isothermal conditions, the ice phase increases 
without necessarily affecting liquid film thicknesses (Hoekstra 
1966). <A frozen soil therefore tends to act as a sink. Flow 
rates along a temperature gradient were reported by Hoekstra to be 
around 0.25 mm to 5.0 mm per day per °C per cm, or of a similar 
order to those in unfrozen soil (Cary 1966). Hoekstra used the 


following equation to describe liquid flow: 


i ly on My pee dT 
dt dT dz 


L is an experimentally found coefficient, dF/dT is the slope 
of the curve relating chemical potential of ice and water to 
temperature and dT/dz is the temperature gradient. 


Application of Unsaturated Flow Equations 


The complexity of field conditions, with differing soil 
horizons, soil cracks, and root distribution and hysteresis effects, 
and with both liquid and vapour flow occurring simultaneously in 
response to matric, thermal and osmotic gradients, has meant that 
the flow equations have so far been of limited predictive value. 

All the equations employ coefficients which generally need to be 


found experimentally for each specific situation. Millington and 
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Quirk (1961) however produced a formula for estimating unsaturated 
liquid hydraulic conductivity from a soil's constituents which has 
proved useful provided a matching factor was added (Jackson et al. 
1965). Attempts at combining the various flow processes into one 
equation have been made (Taylor and Cary 1960, Freeze 1967), but 
it has so far been possible to apply such equations only to 
simplified model situations (Freeze 1967). It is however likely 
that with the increasing size and speed of computers, useful 
equations will eventually be developed for more complex and 


realistic situations. 
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III - SOLONETZIC SOIL FORMATION 


Early work on genesis of solonetzic soils, mainly in 
Russia, was summarized by Joffe (1936) and de Sigmond (1938). In 
arid or semi-arid climates, alkali or solonchak (saline) soils 
were thought to have formed from materials high in sodium, particu- 
larly where removal of salts was impeded by impermeable layers. 
Gedroiz (1925) stated that presence of an appreciable proportion 
of exchangeable sodium ions resulted in dispersed soils. De 
Sigmond (1938) considered that if sodium occupied more than 10 to 
15% of the exchange complex, then significant dispersion of the 
clay occurred when the total water soluble salt content of the soil 
was reduced to less than 0.15% by leaching. On drying, the dis- 
persed colloids formed the dense compact illuvial horizon typical 
of solonetz soils. -Joffe (1936) described a typical soil sequence 
as progressing from zonal soils on upper slopes through solonetz 
and solodized solonetz to solods on the lower slopes where greater 
leaching was thought to be the cause of solodization. Bentley and 
Rost (1946) showed that although the same sequence occurred in 
Saskatchewan, another common sequence was from zonal soils on high 
ground through solod, solodized solonetz to solonetz or solonchak 
(saline soil) at the lowest position. A high water table was 
thought to have inhibited leaching on these lower slopes, so 
accounting for lack of solodization. Salinity on the Canadian 
Plains also appeared to correlate with brackish bedrock formations 
(Allan 1943, Mitchell et al. 1944, Odynsky 1945) and with proximity 
to the bedrock (Wyatt et al. 1944). 


Controversy existed over whether many soils in Alberta 
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and Saskatchewan which had the structural features of a solonetz, 
could be classified as such, because they lacked the 12% exchange- 
able sodium percentage considered by de Sigmond (1938) as 
diagnostic. Magnesium was usually the dominant cation in these 
soils (Rost and Maehl 1943, MacGregor and Wyatt 1945, Bentley and 
Rost 1946) but magnesium did not possess the dispersive quality of 
sodium. It seemed unlikely that mechanical dispersion, suggested 
by Bray (1935) could account for the formation of the compact B- 
horizon, since it could not explain why some soils formed solonet- 
zic B-horizons while others in close proximity did not. The 
consensus of opinion was that since the solonetz soils contained 
more exchangeable sodium than solodized and zonal soils (MacGregor 
and Wyatt 1945), sodium undoubtedly played a role in their forma- 
tion while both bedrock and drainage had an important influence on 
the amounts of sodium present. 

Groundwater was emphasized as a factor in accumulation 
of salts in soils by United States laboratory staff (1954). A 
saline soil, that is a soil with a saturated electrical conduct- 
ivity over & mmhos/cm, was considered to be caused by capillary 
rise of groundwaters high in salts. Such a soil was normally 
neutral to slightly acid in reaction, but leaching, with consequent 
depletion of the salts, could result in hydrolysis of some of the 
exchangeable sodium, and the formation of a non-saline alkali soil 
with a pH between 8.5 and 10.0. Clay dispersion, as envisaged by 
de Sigmond, produced the dense illuvial B-horizon, but with further 
leaching, calcium and magnesium ions returned by vegetation, and 


produced by solution of carbonates and gypsum (Kelley 1951) replaced 
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sodium on the exchange complex and initiated solodization. It is 
now recognized, as suggested by Nikiforoff (1937) that a soil need 
not pass through all these stages. An alkali soil can be formed 
directly by alkaline groundwaters, or by biological reduction of 
sulphates (Whittig and Janitzky 1963, Timar 1965), without being 
initially a saline soil, while many salt-affected soils are 
probably in ‘dynamic equilibrium', or perhaps more correctly, in 

a 'steady state' with their surroundings (Simonsen 1959, Lavkulich 
1969). 

Muratova (1958) summarized earlier work in Russia 
suggesting that groundwater played an important role in salt 
accumulation in soils. On the Mil'sk plain, a water table less 
than 1.8 metres below the surface was thought to result in soil 
salinity. In the Belka Valley of Western Australia, salinity was 
shown by Bettenay et al. (1964) to be associated with discharge of 
saline waters from an aquifer close to the ground surface. In 
Hungary, all salt-affected soils are considered to have been 
associated with mineralized groundwaters (Szabolcs 1965, Varallyay 
1968). Evidence is the close inverse correlation between salinity 
and depth to the water table in the Danube and Tisza valleys, and 
the occurrence of salts of decreasing solubility with increased 
depth in the soil profile. In the Danube valley, net groundwater 
discharge and salt-influenced soils normally only occur where the 
depth to water table is less than two metres (Varallyay 1968). In 
Central Alberta, solonetz soils developed in Glacial Lake Edmonton 
sediments, were found in relatively flat groundwater discharge 


areas where capillary rise from the water table was probably a 
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factor in their formation (Arshad and Pawluk 1966). Meyboom (1967) 
showed that in Saskatchewan, herb and shrub phreatophytes could 
facilitate significant groundwater discharge with a water table 

up to 2 metres from the surface, which agrees with the findings of 
Muratova (1958) and Varallyay (1968). Although discharge is possible 
with a water table at greater depths (Nazir and Ahmad 1965, Meyboom 
1967), amounts.of discharge in such cases are likely to be so 

slight as to be counteracted by the influence of rainfall infil- 
tration, at least in the climate of the Canadian Plains. 

In the Vegreville study area of Alberta, Leskiw (1971) 
showed that soils were related to the groundwater flow patterns 
depicted by surficial features. In areas of groundwater discharge, 
the most common sequence of soils was from Carbonated Saline 
Gleysol at the foot of the slope through Thin Black Solonetz to 
Black Solonetz with rising ground. In areas of recharge, the usual 
sequence up a Similar slope was: Orthic Humic Gleysol, Humic 
Eluviated Gleysol, Gleyed Eluviated Black Chernozem, Eluviated 
Black Chernozem. 

Summarizing, it can be said that although climate, parent 
material and drainage are undoubtedly important in formation of 
solonetzic soils, groundwater discharge is increasingly considered 


to play an important role. 
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IV - SOIL TEMPERATURES 


Soil temperatures influence rates of physical, biological 
and chemical processes in soil. In cold climates, soil tempera- 
tures also have important effects on moisture movement during 
winter and meltwater infiltration in spring (Pelton et al. 1967, 
Freeze and Banner 1970). Soil temperatures are usually measured 
either with thermistors or thermocouples. Both have the advantage 
of small size, almost instantaneous response, low heat capacity 
and adaptability to automatic recording. Both are sensitive to a 
fraction of 1°C (Taylor and Jackson 1965). In order to allow 
comparison between experiments, temperatures should normally be 
measured at standard depths -of 10 cm, 20 cm, 50 cm, 100 cm, 150 cm 
and 300 cm (Richards et al. 1952). Lead wires should always be 
buried for several feet, to reduce effects of thermal conduction 
along them (Taylor and Jackson 1965). 


One dimensional flow of heat is described by the equation: 





at 
d 

dT a as — (Patten 1909) 
dt Cc dx 


T is temperature, t is time, K is thermal conductivity, C is 
volumetric heat capacity which is equal to the product of 
specific heat and density, x is distance. 


The term Diffusivity, equal to K/C, is often substituted 
in the above equation. 

Heat flow in soil is seen to depend on both the thermal 
conductivity and heat capacity of the soil's individual components. 
Both of these variables must therefore be taken into account when 


comparing soils differing in moisture content, organic matter 
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or some other component. For example, with increase in soil 
moisture content, K/C increases to a maximum and then decreases 
(Baver 1956). Differences in soil temperatures within a similar 
climate may also arise because of variations in albedo, while 
moisture evaporation from the surface can be important in keeping 
wet soils cold in spring. Effects of vegetative cover have been 
most thoroughly investigated in Russia (Vznuzdayev 1967, Kuzmenko 
1968). Both there, and elsewhere, it has been shown that while 
vegetative cover increases winter temperatures and decreases summer 
temperatures, it does not necessarily do both to an equal extent. 
Investigations in Montana (Mueller 1970) and California (Quashu 
and Zinke 1964) show lowered mean annual temperatures under mature 
trees, but the opposite is suggested by data for young spruce and 
poplar trees at the University of Alberta (Toogood, Priv. Comm.). 
In any case, soil temperatures may be affected at a considerable 
distance from tree cover (Kaiser 1960). Carson (1961), and Quashu 
and Zinke (1964) consider that the main effect of vegetative cover 
is to move the radiation surface away from the soil surface, so 
increasing the effective distance 'x' in the heat flow equation. 
However, its influence is complicated by such factors as air 
circulation, foliage albedo characteristics, soil moisture regime 
and winter snow retention, the last of which may be particularly 
important on the Canadian Plains (Anstensen and Anderson 1969). 

Snow cover, like vegetation, moves the effective 
radiation surface away from the soil. In addition, warm air, which 
is high in water vapour from a thawed snow surface, affects the 


soil more rapidly through a layer of snow than cold air (Longley 
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1967). Because of this, and also because snow cover is largely 
confined to the coldest season, its presence tends to raise mean 


annual soil temperatures considerably. 
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V —- SUMMARY 


Groundwater discharge has increasingly been implicated 
in the transport of salts into saline and solonetzic soils. Evapo- 
transpiration causes concentration of these salts at a depth which 
is greatly influenced by water table position; the depth to water 
table in turn being dependent on a balance between rates of 
groundwater discharge, and evapo-transpiration and infiltration. 
Examination of the effects of groundwater on a soil requires a 
knowledge of both saturated and unsaturated moisture flows at 
various seasons of the year, in the vicinity of the soil in 
question. Although saturated flow is dependant on well-defined 
physical laws, the complexity of field conditions makes mathemat- 
ical prediction of the flow pattern difficult and field measurements 
of water potential remain the only method of obtaining precise 
quantitative information at individual sites. Piezometers arranged 
in a nest provide information primarily on the vertical hydraulic 
gradient but they may also be used to give estimates of hydraulic 
conductivity. In addition, sites can be chosen in a way that allows 
construction of two-dimensional flow diagrams, such as valley cross- 
sections. Surface features such as vegetation or salt-precipitates 
can provide reliable groundwater information of a qualitative 
nature, while supplementary information can be obtained by applying 
the principles of hydrogeochemistry to analyses of water samples, 
obtained both from surface sources and wells. 

Moisture movement in the unsaturated zone is much more 
complex than saturated flow, because hydraulic conductivities are 


dependent on moisture content. In addition, flow is affected by 
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soil horizon differences, soil cracks, root distribution, 
hysteresis, and movements in the vapour phase. Osmotic gradients 
have a small effect on flow, while the effect of temperature 
gradients may be considerable, even ina frozen soil. Equations 
describing unsaturated flow generally employ phenomenological 
coefficients which need to be experimentally found for each soil 
Situation. Such equations are therefore of even less value for 
prediction purposes than those used for saturated flow, and 
detailed field measurements at individual sites are necessary, 
preferably with replication. 

Studies of moisture flow can never be complete without 
information on soil temperatures, for these not only affect 
physical, biological and chemical processes in soil, but in the 
Canadian Plains climate, their role in causing moisture movements 
in winter and their effects on meltwater infiltration in spring, 
requires further exploration. It is known that soil temperatures 
can vary markedly even within a similar climate, as a result of 
differences in soil moisture, organic matter content, vegetative 


cover and snow cover. 
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32 
PHYSIOGRAPHY OF THE VEGREVILLE AREA 


Climate 


According to Koppen's system (Trewartha 1954), the 
climate is cold humid continental. The mean annual temperature 
is 1°C (34). Winters are cold, all months from November to 
March averaging below freezing, and the coldest month, January, 
averaging -—17°C (11°F). Summers are however relatively warm, July 
having'a mean iof' 17°C (62°F) and an average ‘daily maximum of 24°C 
(76°F). Frost-free days average 115. Mean annual precipitation 
varies according to recording station between 410 mm (16.2 in) 
and 450 mm (17.7 in). Most precipitation occurs during the 
growing season, with the maximum amount, 81 mm (3.2 in), falling 
in July. High sunshine amounts during the growing season (Table 1) 
together with persistent winds however combine to maintain 
potential evapo-transpiration rates well above the precipitation 
values for each month. Adequate soil moisture levels are therefore 
dependent on storage of spring meltwater in addition to summer 
precipitation. Although actual evapo-transpiration is limited by 
moisture available, groundwater recharge still occurs. Estimates 
of groundwater recharge vary between 0.73 and 3.8 cm per year 
(Meyboom 1967); the groundwater supply presumably being maintained 
by infiltration during and following the thaw (late March to mid 
April) but also i moist depressions which capture surface runoff 


from summer storms as well as spring meltwater. 
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Table t. “Climatic means (1941-1970, except wind 1947-1965) ‘for 
May to September in the Vegreville area. 


May June July Aug sept 
Temp. Daily Max °C 17 2% 24 22 16 
Daily Min°C 3 i 10 9 4 
Precipitation mm 36 66 on Ve. A5 

Sunshine Daily hrs. 325 8.6 G7 8.4 6.1 
Wind Speed Km/hr 16 15 ahs) 13 15 
Evapo-trans. Potential mm. 76 104 22 104 61 
Actual mm 76 91 89 76 43 


Temperature (Environment Canada 1973a), Precipitation 
(Environment Canada 1973b) and Sunshine (York and Kendall 
1972) were recorded at Ranfurly while wind speeds (Canada 
Dept. Transport 1968) are means of values recorded at 
Edmonton and Vermilion. Potential and actual Evapo- 
transpiration were calculated for Ranfurly by MacIver (1970). 
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Topography 


Topography of the study area is mostly gently sloping or 
gently rolling, and much of the area is characterized by a deranged 
drainage pattern typical of many recently glaciated regions, with 
abundant depressions in the landscape holding water either 
temporarily or permanently. The Vermilion River and its tributaries 
flow northwards eventually joining the N. Saskatchewan River. 
Altitudes range mainly between 610 m and 670 m (2000-2200 ft) above 


sea level. 


Vegetation 


The natural vegetation is Parkland Prairie, and prior to 
cultivation two poplar consociations covered much of the area (Moss 
1955). Aspen poplar (Populus tremuloides Michx.) favoured dry 
sites, while Balsam poplar (Populus balsamifera L.) was more 
abundant in moist lowlands. The dominant native grass species was 
Rough fescue (Festuca scabrella Torr.). Poplar is now largely 
confined to isolated stands around farm buildings and along fence- 
lines. Willow (Salix spp.) normally surrounds non-saline moist or 
water-filled depressions. Common wild rose (Rosa woodsii Lindl.), 
Dogwood (Cornus stolonifera Mich.) and Saskatoon (Amelanchier 
alnifolia Nutt.) are common near the edge of poplar stands. 
Western snowberry (Symphoricarpus eccidentalis Hook.) and .Silver- 
berry (Eleagnus commutata Bernh.) often occur on uncultivated 


Chernozemic soils within areas of Solonetzic soils. Nitta lL Wiss sad 
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meadow grass (Puccinella nuttaliana (Schultes) Hitche), Foxtail 
(Hordeum jubatum L.) and Red Samphire (Salicornia rubra L.) 

dominate moist saline situations (see Plate 1). Introduced species 
common in pastures, are Brome grass (Bromus inermis Leyss.) and 
Alfalfa (Medicago sativa L.), while much of the arable area is used 
to grow Wheat (Triticum spp.) and smaller acreages of Rape (Brassica 


napus L.), Oats (Avena sativa) and Barley (Hordeum vulgare). 


Bedrock Geology 


The bedrock geology of the region was described by Hume 
and Hage (1941), reviewed and reclassified by Shaw and Harding 
(1949) and more recently summarized by Le Breton (1963). The 
Belly River Formation underlies all the area around Vegreville and 
consists of Upper Cretaceous shale and sandstone beds of marine 
and marine-deltaic origin. The exact dip of the beds has been 
difficult to determine because of variable horizon thickness, but 
it approximates 3.8 metres per kilometre (20 ft/mile) to the south- 
west (Hume and Hage 1941). Formation members of importance in the 
Vegreville area are, in ascending order, Ribstone Creek, Grizzly 
Bear, Birch Lake, and Oldman. The Ribstone Creek member is 
described as massive grey soft sandstone of continental and marine 
deltaic origin, containing coal seams and ranging in thickness from 
almost nothing to 36 metres. The Grizzly Bear member consists of 
dark blue-grey shale of marine neritic origin containing ironstone 
and sandstone nodules and ranging in thickness to 42 metres. The 


Birch Lake has been separated into lower and upper members both of 
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which consist of soft cross-bedded buff coloured sandstone of 
marine deltaic origin. They are separated by the Mulga member 
which is soft grey shale of marine neritic origin containing some 
silt and carbonaceous layers. The three Birch Lake members are 
of variable thickness, and together do not exceed 30 metres. The 
Oldman which is the upper member of the Belly River Formation 
consists of light grey bentonitic sandstone and dark carbonaceous 
shales of continental and marine deltaic origin. It ranges in 
thickness up to 300 metres, but only the lower horizons occur in 
the study area. 

Typically all these members of the Belly River Formation 
are. brackish; sandstone as well as shales are often bentonitic, 
and thin seams of coal or carbonaceous material are usually present. 


They are generally soft, though some hard horizons exist. 


Surficial Geology 


Glacial and Fluvio-glacial drift from the Laurentide ice 

sheet covers the bedrock almost completely and ranges up to 30 
metres thick. The drift tends to accentuate the bedrock topography, 
areas near the valleys being typically covered by only a few metres 
of Ground Moraine Till whereas upper elevations are covered by 6 

to 30 metres of Hummocky Disintegration (stagnant ice) Moraine 
consisting of till mixed with stratified drift (Ellwood 1961). The 
till is normally clay loam textured and contains 1-3% carbonate. 
Stream trench materials of sand and gravel occur in places, and may 


be of importance in shallow groundwater movement (Gravenor and 
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Bayrock 1956). A narrow band of alluvium occurs along the 


Vermilion River. 


Soils 


Black Chernozemic soils are dominant in the area, but 
Solonetzic soils are frequently encountered at lower elevations. 
Smaller areas of Gleysolic and Regosolic soils have been mapped 
in and around moist depressions and seepages (Wyatt et al. 1944, 
Bowser et al. 1962, Leskiw 1971). Soils are described in greater 


detail in subsequent sections. 
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SITES AND INSTRUMENTATION 


In selecting sites within the Vegreville study area, it 
was desirable to include examples of the more important ground- 
water features mapped by Leskiw (1971) together with associated 
soils. It was also desirable that sites follow a line approxi- 
mately at right angles to major drainageways to allow construction 
of flow diagrams. It was necessary where possible to avoid the 
influence of man-made devices such as dams, dugouts, ditches and 
wooded fencelines. The sites also had to be selected, in 
co-operation with farmers, where they would not interfere with 
crops. The limitations left little final choice of location and 
at two of the sites, wooded fencelines could not be avoided. 

Sites 1, 2 and 3 (Figures 3,4) were located on high ground 

(Sects G- Tp."53- R.13-W4) Sinwa tline-running uphill from a slough 
which was typical of the slow recharge type (Lissey 1968). The 

soil sequence was: Orthic Humic Gleysol at Site 1; Eluviated 

Humic Gleysol at Site 2; and Orthic Black Chernozem at Site 3. 

Site 3 unfortunately received shading and an exceptionally deep 
snowcover because of its situation on the north side of a wooded 
fenceline (see Plate 2). The remaining six sites (Figures 3,4) were 
situated on lower ground (Sect. 11- Tp. 53 R.14-W4) where both theory 
and surficial features suggested groundwater discharge predominated. 
They formed an approximate line running from Site 4, just below 

the theoretical midline down the slope to Site 9 which was next to 

a slough of the slow saline discharge type (Lissey 1968). Site 4 


was unfortunately located on the west side of a wooded fenceline, 
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kilometres 





R14! R13 
Vy Deep Piezometer Nest Water-Filled Depression 
(Slough) 
° Soil Study Site (along section A-B) 
Se Topographic Contour aoa Road 


metres above mean Sea level 
Interval 20 metres 


Figure 3. Area studied by Leskiw (1971) showing position of 
piezometer nests installed as part of his study, and 
the soil study sites used in the present study. 
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and like Site 3, received an abnormally deep snow cover. Site 6 
was in a natural seepage-drainage way, while Site 7 was near the 
summit of a slight rise, close to small temporary willow-ringed 
sloughs which suggested recharge within the area of overall 
discharge. Sites 5 and 8 were at intermediate points. Soils 
ranged from Orthic Black Chernozem at Site 4& through Black 
Solonetz at Sites 5767) andi 8,ite Alkaline?! Solonetz at SiteG6 and 
Saline Black Solonetz at Site 9 next to the slough. 

Four additional sites were located to provide supplement- 
ary shallow groundwater information. Site 5a was situated between 
SitesaSieand 6.1) Sites) 7arand) 7be were situated’ near Site"7" in’ small 
willow-ringed sloughs of the temporary fast recharge type, and Site 
7c was located at a spring, close to Site 7b, but on lower ground. 

Installation of piezometers was started early in June 
1971. Thick-walled black iron pipe of 9.5 mm internal diameter 
was initially used. A headed rivet was attached to one end of 
the pipe and temporarily held in place with sticky tape. A narrow 
hole was made in the ground with a truck-mounted coring device 
and the rivetted end of the pipe lowered into it. A heavy 
hammering device was inserted over the top of the pipe, which was 
then pounded into the ground to the desired depth. An iron rod 
inserted inside the pipe was then hammered down five centimetres 
to remove.» the’ rivet and create’a cavity 5 cm long and 1.6 cm 
diameter at the lower end of the pipe. It was intended that the 
piezometers should measure potentials at 3.05 metres (10 ft) and 
6.1 metres (20 ft) below the apparent water table. Hard layers 


or rocks however limited the depth to which pipes could be hammered 
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so that the final depth often differed from that intended. At 
Site 9 hard bedrock prevented further penetration than 2.4 metres 
while the greatest functioning depth reached was 7.3 metres below 
the surface, in stratified drift at Site 2. 

For information at greater depths, it was necessary to 
resort to mechanical augering. A 20.3 cm (8 in) diameter hole was 
dry augered by a commercial firm and a 1.9 cm I.D. pipe, hacksaw 
slitted at the lower end, was lowered into the hole. Sufficient 
coarse 10/20 graded sand was poured into the hole to cover the 
lower 30 cm of pipe. A small quantity of the augered material was 
then added, followed by sufficient wet-mixed 40:50 parts by weight 
cement and bentonite to fill a 1.5 m depth of hole. The remainder 
of the hole was then refilled with augered material. Piezometers 
were installed by this method to a maximum of 24.4 metres (80 ft) 
below the apparent water table. The final situation was that at 
‘each of the main sites, piezometers terminated at approximately 
820540607 [wandse12;28 metnesabelow theswater table;e-and.at Sites»4, 
6, 7; and 9, an additional piezometer terminated at 24.4 metres 
below the water table. Only two piezometers were installed at 
each of Sites 5a, 7a, 7b and 7c, all terminating at less than 5 
metres below ground level. In every case, stems 90 cm long were 
left above ground, to allow for measurement under snow cover, and 
for the possibility of above ground water levels. At the request 
of one of the farmers, these above ground portions of the pipe 
were in places made to be removable. 

Access tubes for measurement of soil moisture with the 


neutron probe were made in July 1971 by hand pushing 3.81 cm I.D. 
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aluminum pipe into approximately 3 metres deep holes which were of 
Similar diameter to the outer diameter of the pipe. The depth was 
in places limited to less than 3 metres by the capabilities of the 
truck-mounted coring device in stony material. The lower 5 cm of 
each pipe was hacksaw slitted and the lower ends were left open so 
that the tubes could also be used to measure depth to the water 
table. A removable 60 cm length of pipe was left above ground to 
allow access in winter and this was covered with insulating 
material to reduce heat transfer. Although the tubes worked well 
for neutron probe measurement above the water table, they failed 
at most of the sites to measure the water table accurately. At 
three sites, the water table fell in late summer below the bottom 
of the pipes and at two other sites, response was so slow the 
fluctuations could not be recorded and errors seemed to be caused 
by entry of surface water. Additional water table access tubes 
were installed at these sites in the summer of 1972, using 1.3 cm 
diameter perforated plastic pipe in 2.5 cm diameter holes which 
extended to the expected lower limit of the water table. This 
allowed the water table to be measured reasonably accurately at 
most of the sites, though slowness of response caused by low 
permeabilities was still a problem. 

Thermocouples and psychrometers were installed in 
September 1971 at depths of 20 cm, 50 cm and 150 cm at Sites 1, 2, 
3, 7, 8 and 9, by inserting them with narrow wooden rods into 
2.5 cm diameter holes made with the truck-mounted coring deviant 
The holes were back-filled with the original material. The wires 


were extended for a distance of at least 1 metre from the hole 
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along a 15 cm deep trench to terminate at a wooden post, so 
minimizing heat conduction down the wires and effects of trampling 
the snow cover in winter. In May 1972, additional thermocouples 
were installed so that they were then present at all nine sites at 
depths of 20 cm, 50 cm, 150 cm and 300 cm. At the same time, 
psychrometers were installed at 20 cm and 50 cm at Sites 4&4 and 5 
and at). 20 ‘cm at Site t6: 

In May 1972, tensiometers were installed in 7.5 cm 
diameter holes made either with a hand auger or with the truck- 
mounted coring device. A slurry of soil was used to backfill the 
holes to ensure good contact, and the tops of the holes were 
sealed with dry bentonite. The upright, stoppered top of each 
tensiometer protruded from the soil for access, while the tube 
leading to the mercury manometer was buried under at least 10 cm 
of soil. Manometer tubes from the 4 to 8 tensiometers at each 
site were mounted together on a single post of aluminum I-beam 
material. Where the water table was likely to exceed a depth of 
250 cm, as was the case at Sites 3, 4 and 8, tensiometers were 
installed at depths of 20 cm, 50 cm, 150 cm and 250 cm, with two 
tensiometers, separated one to two metres apart, at each depth. 

At Sites 2, 5 and 7, where the water table was expected to remain 
above 150 cm, the 250 cm installation was omitted. However, at 
Site 7, the 150 cm tensiometers later indicated a deeper water 
table, so tensiometers were then installed at 250 cm at this site. 
Mteethe wet sites, 1, 6 and 9, installation was made only at depths 
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SAMPLING, MAPPING AND RECORDS 


Pits, approximately 1 metre deep were dug at each site 
and the soil profile described and photographed. Samples of each 
horizon were then taken from the walls of each pit, so as to be 
representative of a metre square area horizontally. Thick horizons 
were split for sampling into two or three equal depth intervals. 
Samples were transported in bags, air-dried the following day, and 
crushed and sieved (2 mm) prior to analysis. The truck-mounted 
coring device was used to obtain 4.7 cm diameter cores, to a 
maximum depth of 3 metres, but to a lesser depth at wet sites. 
These were obtained where possible at depths of 120 cm, 150 cm, 

200 cm and 300 cm. Additional cores at depths of less than 100 cm, 
were obtained with a small hand-coring device. Most of these cores 
were packed moist in containers and then placed in cold storage 
pending analysis. However, some of the cores from depths greater 
than 100 cm were air-dried and sieved to supplement analytical 
information from the pit samples. 

Water samples were obtained from observation wells and 
all piezometers, in October 1971. Deep piezometers installed 
prior to this study were sampled by lowering a bucket-device. The 
other piezometers and observation wells were sampled as close to 
the bottom as possible, using a plastic tube. Samples were stored 
in polypropylene bottles in a refrigerator until analyses could be 
made. 

Sori Mapping at @ scale of 1 : 5280 was carried out along 


a narrow strip 50 m wide enclosing the 9 selected sites. Eleva- 
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tions were mapped in detail with a survey level, using as a 
reference, a benchmark situated slightly over 1 Km south of Sites 
TELS « 

Visits to take readings at the Vegreville sites were 
made initially every few days following installation of piezometers 
in June and August, 1971. After September 1971, visits were made 
at two weekly intervals. The deep piezometers installed prior to 
this study were at first read every two weeks, but because of 
increased recording work, readings were subsequently taken only 
at every second visit. The shallow piezometers, because of their 
greater fluctuations, were read on every visit. Thermocouples, 
following their installation in October 1971, were read every two 
weeks. Psychrometers installed at the same time were read every 
two weeks, but only during the period mid-April to mid-November. 
Neutron probe readings beginning October 1971 were made at every 
second visit during the winter months and at every visit from ist 
April to 1st October. Tensiometers were read every two weeks from 
May to October 1972. In addition, slough levels were recorded at 
each visit during summer and occasionally in winter. Snow depths 
were recorded at each site during winter, and cores were taken for 
measurement of snow density in March, just prior to runoff, in 


order to calculate the quantity of water present. 
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ANALYTICAL METHODS 


I - PHYSICAL ANALYSES 


Hydraulic potential from Piezometers 


The static water level in a piezometer, installed so that 
it is only open at the bottom, is a measure of the hydraulic head 
at the base of the piezometer. The hydraulic potential is the 
hydraulic head multiplied by acceleration due to gravity, but 
because gravity is constant, it can be expressed numerically as 
hydraulic head above a chosen reference point. Because groundwater 
potentials are always changing, the water level measured in a 
piezometer may differ significantly from the static water level or 
the true hydraulic potential, particularly where the piezometer 
terminates in a poorly permeable material. In such cases, it may 
be possible to install a narrower pipe or 'reducer' inside the 
existing pipe stem which will cause more rapid response to changes 
in groundwater potential (Lissey 1968). The narrow pipe diameters 
used in this study and expense, precluded use of this method. The 
alternative method outlined by Hvorslev (1951), adjusting piezometer 
readings to take account of lag time, was therefore used. The 
recovery rate of each piezometer after removal of water, was 
measured. The ratio Ht/Ho (difference between the final level and 
the level at time t divided by difference between the final level 
and the level immediately following water removal) was then plotted 
on a log scale against time on a linear scale. The 'basic time 


lag' which is the theoretical time required for equalization if the 
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initial rate of rise (following bailing) was maintained corresponds 
to Ht/Ho = 0.37 on the graph. This value was found for each 
piezometer. Where basic time lag exceeded two weeks, its value 

was used to correct piezometer readings. Where the value was less 
than two weeks as in over half the functioning piezometers, its 
effect on readings was too small for adjustment to be significant 
on a seasonal scale, and readings were left unadjusted. Hvorslev's 
method of adjustment is based on the equation E = RT where E is 

the error in rate of rise or recession, Ris actual rate of rise 

or recession, and T is the basic time lag. Since most piezometer 
readings varied annually in a sinusoidal manner, adjustment of 
amplitude and phase shift according to Hvorslev's method was 
relatively simple. Where the changes were more complex, annual 
curves were split into segments approximating a half wave length 


for adjustment. 


Hydraulic conductivities from piezometers, cores, and disturbed 
soil samples 


Hydraulic conductivities can be derived from drawdown 
recovery tests on piezometers (Luthin and Kirkham 1949). Interpre- 
tation is based on the equation: 


ee Ln Z4/Zo2 


S(t4 = +9) 


r is the radius of pipe and Z1 and Zo are the depths to water 
at times tj, and to measured from the original level prior to 
drawdown. S is a piezometer shape factor. 


If the basic time lag (T), defined in the previous section 


is substituted in the equation (Hvorslev 1951), it becomes: 
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RY 


GS gt 
The value of the shape factor S, varies not only with 
the dimensions of the cavity at the piezometer base, but also with 
the assumed degree of anisotropy of the material in which the 
cavity is situated. Since three different types of piezometer 
were used and the lithology varied, several different situations 
occurred as follows: 


1. Piezometers in augered and drilled holes 


The formula given by Hvorslev (1951) is: 


2k L 


mL nile, . 2 


Ln ) + 1 





+ ( 
D D 


m =/Kh/Kv where Kh/Kv is the assumed degree of anisotropy. 
L is cavity length, 30 cm for augered holes, and 90 cm for 
drilled holes. D is cavity diameter, 20 cm for augered 
holes, and 10 cm for drilled holes. 





Where me exceeded 2, as was usually the case, hydraulic 
conductivity estimates were increased over the calculated 
values by a small factor shown experimentally by Al-Dhahir 


and Morgenstern (1968) to be necessary. 


2. Piezometer pipes hammered into the ground, rivet on the 
end knocked down 5 cm. 


(a) Loose sands. 

If the sand is assumed to re-fill the cavity above the 
rivet, but not to enter the pipe appreciably, and if the degree 
of anisotropy of the sand is assumed to be 1, then S = 2.75D 


where D is the pipe internal diameter, here 0.95 cm (Hvorslev 
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1951; Luthin and Kirkham 1949). 

(b) Firm materials, Till or Bedrock. 

Here, the materials are sufficiently resilient to 
deformation that the cavity is assumed to remain of 5 cm 
length and 1.6 cm diameter. Al-Dhahir and Morgenstern (1968) 
consider that the S value of a cavity such as this, closed 
at both ends, differs little from one closed only at one end, 
and the method used for augered and drilled holes therefore 
applies. 

Hydraulic conductivities calculated from piezometers 
depend on estimated degree of anisotropy. Freeze (1969) quotes 
angsotropyevalucs oft10atoeiO0uforabedreck, e1ftot20cforetphil , i and 
1 to 100 for stratified drifts. Degrees of anisotropy, much above 
unity, together with piezometer cavity shapes having heights 
exceeding their diameters combine to produce values for hydraulic 
conductivity which are valid for horizontal rather than vertical 
flow. The calculated vertical hydraulic conductivities are subject 
to large errors, and therefore where these are of importance, 
supplementary evidence obtained by means other than piezometers is 
almost essential. Hydraulic conductivities have been related to 
particle size analysis with varying degrees of success, but such 
relationships can hold only where pores rather than fissures are 
the main conductors of water. Using particle size analyses, 
hydraulic conductivities of materials low in clay were estimated 
from Hazen's line, as quoted by Freeze (1969), while for materials 
containing more than 20% clay, type of clay and sodium content were 


taken into account in selecting values quoted by Lambe and Whitman 
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(1969). 

Further information still regarding vertical hydraulic 
conductivity was provided by laboratory determinations on 4& cm 
diameter cores obtained with the mechanical coring device. 
Sampling was limited to a depth of 3 metres and hence only a few 
cores were from bedrock. The cores, sealed moist into plastic 
tubes with paraffin wax, were confined, top and bottom with 
perforated plastic caps and hydraulic conductivity was then 
determined by the falling head method, similar to that described 
by Klute (1965). The water used had approximately the same salt 
content as the groundwater from where the core was obtained. 
Hydraulic conductivities were adjusted for effects of temperature 
differences between laboratory and groundwater on water viscosity. 
Adjustments for water density differences were considered to be 
too small for inclusion. 

Saturated hydraulic conductivity was also determined on 
disturbed 2 mm sieved samples of Ah horizons by the constant head 
method. The samples, in plastic percolation tubes, were saturated 
from below prior to measurement, and an inverted flask was used to 


provide the head (Fireman 1944). 


Neutron Probe Moisture Readings 


An aluminum access tube with an internal diameter of 
3.8 cm was pushed into a hole made at each site with a truck- 
mounted coring device. The diameter of the hole was only fraction- 


ally larger than the outside diameter of the tube. The tubes were 
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made to protrude 61 cm above ground to facilitate usage under snow 
cover. They were not sealed at the bottom as often recommended, 

but rather, the lower 15 cm was perforated to provide information 
on the position of the water table. Insulating material was 
wrapped around above ground portions of the pipe to reduce heat 
transfer, even though it has been shown that effects of conduction 
along the pipe on moisture transfer in the soil are small (Dickey 
et al. 1964). A Nuclear-Chicago model P19 neutron probe with 
scaler, was used to take two minute counts, with the source at 
depths of 10 cm, 20 cm, 30 cm, 50 cm and beyond that at 50 cm 
intervals to the tube limit, or to the water table where this was 
above the tube limit. Readings were obtained every four weeks while 
the ground surface was frozen (mid-October to early April) and at 
other times every two weeks. Initially, standard counts were taken 
only two to three times during a day of readings. However, it 
became apparent that during colder weather, counts varied much more 
than the normal 2-3%, at times reaching 7-8%. A change in procedure 
was therefore adopted in early March 1972, standard counts being 
taken at the start and finish of readings at each individual site. 
The standard count assigned to each individual reading was then 
estimated by interpolation over the period of readings at the site 
in question. The ratio of reading to its standard count was then 
obtained. Since counts are partly dependent on temperature, a large 
variation during cold weather can be expected, because of the wide 
temperature differential between access tubes and the outside air. 
Beltow 10 6° '(=22:°C) purapirddfall-off iniccount’*values!occurs, ‘which 


increases the error. Consistent readings were almost impossible to 
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ab tatiedaveO SH? GeLe4C)sdandeat ~10.°F (-—23.°C:)., .almost..no counts were 
recorded. Thus, whenever possible, readings were taken when the 
temperature exceeded 10°F (-12°C). 

Calibration of the count ratios with soil moisture was 
accomplished by gravimetric sampling. For depths to 100 cm, 
samples were obtained within a 2 metre radius of the access tube 
using a small hand auger. Each gravimetric determination was 
performed on a composite sample which consisted of 3 subsamples 
taken on different sides of the access tube. Samples were taken 
once in October 1971, and again in May, June and October 1972. At 
depths below 100 cm, the truck-mounted coring device was used, but 
sampling dates were limited to once in early May and once in late 
October 1972. 

Volumetric moisture content, calculated from gravimetric 
samples and bulk densities, was plotted against Neutron Probe count 
ratios for each depth sample. A considerable scatter obtained 
could be largely explained by the normal variation involved in 
gravimetric sampling. A gravimetric determination must be based on 
about 7 field samples for the error to be the same as for one 
neutron probe count (Stone, Shaw and Kirkham 1960), but soil dis- 
turbance and the work involved made this number of samples impract- 
icable. Comparison of the probe ratio-moisture content relation- 
ships showed that samples from 10 cm depth differed significantly 
from other samples. Their abnormality could be expected to result 
from influence of the soil surface-air interface (Lawless et al. 
1963; Visvalingham and Tandy 1972). Moisture contents for this 


depth derived from regression lines, could therefore only be con- 
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sidered valid provided snow or water cover was absent, and even 
then could not provide as accurate an estimation of moisture 
content as results from deeper levels. 

A measure of the sample volume involved by neutron probe 
determinations is the Sphere of Influence. This is defined as the 
sphere around the source that contains 95% of all thermal neutrons 
(Nuclear-Chiicage-Corp: 1972). *Itstradiustis given by the equation: 


al 
rcm = 15.2? oe 


% HO volume 


Another measure that has been suggested is the Sphere of Importance 
(Mortier et al. 1960). This is defined as the sphere around the 
source which, if all the soil and water outside the sphere were 
removed, would yield a neutron flux at the source that is 95% of 
the flux obtained in an infinite medium. Its radius is given by 
the equation: 

100 
CO sete %H,,0 volume) + 1.4 
At a moisture content of 35% by volume, both the Sphere of 
Influence and Sphere of Importance are close to 20 cm. When, 
however, the moisture content is only 10%, the Sphere of Influence 
is 33 cm and the Sphere of Importance is 42 cm. This means that 
when moisture contents were low, readings taken at 20 cm and 30 cm 
resulted in Spheres of Influence and Importance intersecting the 
ground surface and it would be reasonable to expect that snow cover 
should influence readings at these depths. However, experiments 


by Vredenburg and Willis (1970) showed negligible effects of snow 
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upon readings at 20 cm, but significant effects at 5 cm, 10 cm, and 
15 cm. It is probably safe to conclude that effects of snow cover 
on probe readings are insignificantly small at depths greater than 
20 cm, over the normal range of moisture contents prevailing in 
winter. 

Samples showed no significant difference between sites in 
moisture content-count ratios relationships. Pooling of regression 
data therefore seemed likely to give the most accurate equation for 
prediction, and a correlation coefficient r of 0.892 was obtained 
for the relationship between count ratio and moisture where all 113 
values obtained from depths greater than 10 cm were included. 

Since a small increase in count occurred with increase in depth at 
all sites, inclusion of depth in a multiple regression equation 

was considered an improvement over simple regression. The inclusion 
of Log4, depth in the equation gave little improvement in fit over 
just depth; however, this form was considered superior since it was 
reasoned, that the effect of depth should decline as depth increased. 
The final equation (Figure 5) gave a multiple correlation coeffic- 
ient of 0.896. 

The increase in probe reading with depth was not 
unexpected since counts are known to be influenced positively by 
bulk density as well as by neutron absorbing elements such as 
magnesium and potassium (Visvalingham and Tandy 1972), and both of 
these increase with depth in most soils. However, organic matter 
which also increases the count, decreases with depth, and should 
therefore have some counteracting effect. At shallow depths, an 


increase in count with depth can also be expected from decreasing 
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effects of the soil surface-air interface. Bulk density did not 
account for as much variation as depth when substituted in the 
regression equation, and inclusion of electrical conductivity as 
a third independent variable did not significantly improve fit. 
The most satisfactory equation therefore involved only moisture 
and depth in the prediction of neutron probe reading and this 
equation was therefore used to calculate moisture contents at 
depths of 20 cm and more at all sites. <A separate simple regress- 
ion relationship (Figure 5) was used for 10 cm depth readings. 

The percentage error associated with probe readings 
becomes smaller, the larger the count (Nuclear-Chicago Corp. 1962), 
but as an absolute quantity the error is smallest at low moisture 
contents or low counts (Merriam and Knoerr 1961). Based on the 
slope of the moisture-count ratio relationship found here, and a 
95% probability level, the confidence interval at 35% moisture 
(by volume) should be i 1% Moisture. At 10% moisture it should be 
z 0.55% Moisture, and at 5% moisture, * 0.39% Moisture. It is 
possible that statistical accuracy may have been improved slightly 
over these figures by adoption of individual standard counts, but 
for calculations involving moisture changes, it would seem reason- 
able to apply values of at least this order since errors arising 
from inaccuracy of slope of the regression lines is also involved. 
A still larger error is involved in the prediction of actual soil 
moisture rather than simply moisture changes, for here the full 
errors associated with prediction from gravimetric samples and 


bulk density measurements are included. 
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Moisture tensions from tensiometers and psychrometers 


Tensiometers are the only well-established direct method 
of measuring matric soil moisture tensions in the field, though 
they suffer from certain drawbacks. First, they will not measure 
moisture tensions in excess of 0.8 bars, and second, they require 
constant maintenance. One advantage is their ability to measure 
small positive pressures below a water table. Tensiometers 
available commercially are expensive, so to minimize costs, they 
were hand-assembled from relatively simple materials, essentially 
as described by Webster (1966). Each consisted of a 7-9 mm I.D. 
nylon tube with a ceramic cup glued to the base, and a nylon T- 
piece glued to the top to form a side branch. Joints were covered 
with rubber sleeving to improve seale A fine 0.86 mm I.D. nylon 
tube was inserted with one end inside the porous cup, and was 
threaded out through the side arm of the T-piece by way of a 
rubber stopper to terminate at the other end in a vessel of 
mercury, where it was looped to form a manometer. The other 
(upright) branch of the T-piece was closed with a removable rubber 
stopper and used for topping up with water. De-airing of the fine 
nylon tube was performed by attaching one end of a rubber hose to 
the T-piece and blowing at the other end. Once in operation, a 
continuous column of water extended from the soil at the porous 
cup to the mercury in the manometer tube. The fineness of the 
manometer tube served two purposes. First, volume of water move- 
ment was reduced to a minimum, this being essential in keeping 


response times within reason in poorly permeable materials. 
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Second, the amount of mercury involved, an expensive item, was 
minimized. 

All items except ceramic cups were available locally. 

The cups were made and baked in the laboratory using clay and 
casting material from a local ceramic supplies. 

The tension at the porous cup was calculated from the 
equation T = 12.6 M - H, where M was the height of mercury in the 
manometer above that in the vessel, and H was the depth of the top 
of the porous pot below the vessel mercury level (Webster 1966). 

Under conditions of growing plants, soil water is not at 
equilibrium, this being particularly the case in poorly permeable 
materials well above the water table. The effect is that lateral 
variation in moisture tensions is considerable, making replication 
almost essential. Webster (1966) considers that the geometric 
mean of a minimum of three tensiometers should be used. In this 
study, tensiometers were only in duplicate, but since they were 
mainly used to provide information on hydraulic potential close to 
the water table, where changes in tensions are slow, it was thought 
that valuable information could still be obtained. 

Psychrometers were originally introduced for the measure- 
ment of soil and leaf moisture tensions under laboratory conditions 
(Monteith and Owen 1958; Korven and Taylor 1959). Only in the last 
few years have refinements been such as to encourage their tenta- 
tive use in the field (Rawlins and Dalton 1967; Rawlins 1971). The 
soil psychrometer is in effect a wet-dry bulb thermometer sensitive 
to changes in relative humidity in the range 95-100%. A very fine 


copper-chromel thermocouple junction is wetted by passing an 
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electric current through it to cool it by the 'Peltier effect' 
(Spanner 1951) and the temperature of the wetted junction is 
compared to the temperature of the same junction when dry, electri- 


cally. Interpretation is based on the formula: 


e = ew - Ap (Ta - Tw) 


e is vapour pressure of air; ew is saturated vapour pressure 
with respect to ice or water whichever is applicable; Ap is 

atmospheric pressure; Ta and Tw are the temperatures of the 

wet and dry bulbs respectively. 


The soil moisture tension in bars, AP, is related to 


vapour pressures by the formula: 





Re 5 ee = 
V ew 


R is the gas constant, T is the absolute temperature, and V 
is the partial molar volume of water. 


At low temperatures, a lowering of the saturated vapour pressure 
of water results in loss of precision. Once freezing occurs, the 
saturated vapour pressure of ice is involved, which being highly 
temperature dependent, makes results difficult to interpret. 
Psychrometers then, like tensiometers, provide information on 
tension gradients in the soil mainly during the growing season. 
Information obtained from psychrometers however differs from that 
of tensiometers in two important respects. First, a psychrometer 
reading includes both osmotic and matric components of moisture 
tension. Where significant amounts of salts are present, osmotic 
tension must therefore be calculated separately and subtracted to 
obtain matric suction. Second, psychrometers cover a much wider 


range of tensions than tensiometers. The Wescor Inc. model PT 51 
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psychrometers used in this study have a range of O to 50 bars, but 
it was found impracticable under field conditions to make replicate 
measurements, and individual values were repeatable only to about 
the nearest bar. It was essential therefore, that tensiometers be 
used in conjunction with psychrometers to adequately cover the 
range O-1 bar. Psychrometers were used mainly at shallow soil 
depths where high tensions could be expected, but because of 
expense, only one psychrometer was installed at each depth location. 
Measurements were taken with a Wescor Inc. model MJ 55 micro- 
voltmeter, and psychrometers were individually calibrated in salt 
solutions prior to installation. Where osmotic potentials appeared 
Significant, they were estimated from knowledge of the chemical 
content of saturation extracts, the moisture content of the soil 
paste prior to extraction and field soil moisture contents obtained 
from neutron probe readings. They were therefore based on the 
somewhat dubious assumption that their relationship with moisture 
content was a simple dilution effect, and the salt content of the 
soil was constant. These osmotic potentials were then subtracted 
from psychrometer values to provide rough estimates of matric 


potentials. 


SOMuL temperatures from thermocouples 


Insulated copper-constantan thermocouple wire was used 
to measure soil temperatures with the Wescor Inc. model MJ 55 micro- 
voltmeter mentioned above. Thermocouples were checked in the 


laboratory and individual calibration was found to be unnecessary. 


sud yer 62 of O lo opie: « syan “budge etady at bute -eNerenOlly 
siecilqe: Ssiew of enoitibhnos bleit robnu sidsoiton sme bnwok anw ti 
hoods of Vino oldetaaqe7: S19w BeUlayV laubivibat ban o treme venom 
ed execemotens? faded ,orotenol! latineses BBW it 18d deereen ont 
end tevoo Katich od ‘jomoutoveg oatiw aoeidonijaes nl bee 


t 


Liee weilente jin viais oeu susw etoronoantsvyed  .280 §-0 spaat 


to skUeoCAd FU: jeiszeavo ad bluo 101203) doid etetw adiqeb 


.t10 { A450) rLinend ' ze ri bselisg} : “4 jt mo 1f Yweq VPRO ¥ ino , seneqzrs 
otatm eC Le ‘| . rtd 05 Ww i ritrcw netsd? stew @ tctomse tuasamh 
na nt bevteudils: fisvbivtbnir vtsw atecean ufoyay bra ,tetoms tov 


beo1:s8qq~A eleatinatoq oitemeo s*todw moras {feyent o% ion ta enotiulos 


so tated yf 4 Sspbelwond movi batemitas stew yea? ,ioeort ingle 

rein ae 6h THe FNoS SAvdetom Sc} jos nYxe noiyatudsae TO PHetned 
SsnrarIe Br ha: ; ii Hisci Dts tofyan19%e oF totig sizaq 
elt no wHd- 97 cant e9oW i -26 ttbaot sdodid nerswen wor? 

br ile ase adie Visenotiti : tied? tana 7 iqQmws er auolidub Sanwoemosn 
ely ta otneS ; maid bes ost rulib #lgmse 4 day jnsinos 
sono tdue awe ayew alnrciaeto fome@a eenarll .dnuptenod 2aw ltoe 
risem 2 x ojami : iouoe.4 bivo1udg oF eels 19 t amc Hoysg mon? 


-sleaitnetog 


Fe 
-olaquacsonmad) moat eerveJazoqgmet Loge 
a Sl Seen ET CT OL — her 
‘ ; . 
bewl kaw Sitiw eLlquoSonten) nai ne yenos-aeqgoo betatleent ~~ 





-otaim 2?" UM Lobom .ont *ton8oW oft Utiw astiinisyme’d Dies stvenem oF 


ai} ni betoodo staw «elquooonmtsAT -»vodsa benatinsa 6femdfov 
iy 
eyvasnesoenny od of Buvol saw coltverdiing Ilsyoivibei: bum yy 


a ; 
a | 
, 7 . 


During winter, abnormal variation occurred presumably as a result 
of improper functioning of the built-in reference junction in cold 
air temperatures, and readings during this period were therefore 
corrected by reference to a thermocouple immersed in ice-water 
mixture and carried in the field. Temperatures appeared to be 


reproducible to within about 0.2°C. 


Bulk Density 


Bulk densities were calculated from the mean of three 
5 cm diameter cores obtained at each site using a truck-mounted 
coring device. When applied to calculation of porosity and 
volumetric moisture contents, it became obvious that the core 
method considerably over-estimated bulk densities of near surface 
samples, presumably because of compaction. Determinations were 
therefore repeated using a Nuclear-Chicago model 5901 surface 
moisture density gauge, which derives moist density from degree 
of gamma radiation scattering in a sample approximately 15 cm 
deep in situ, below the gauge. A gravimetric moisture determin- 
ation was made on a large soil sample which incorporated the 15 cm 
of soil immediately below the gauge and this was then used to 
correct the moist density values derived from the manufacturer's 
calibration curve to bulk density using the equation: bulk density 
= moist density / (1 + (% moisture/100)). Bulk density determin- 
ations representing sample depths from 10 cm to 50 cm were obtained 
by successive soil excavations to 43.5 cm, with the probe lowered 


into the shallow pit so formed. 
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The gamma radiation method has the advantage of measuring 
soil in its natural state, and as expected, values obtained were 
lower than for the core method particularly at the wetter sites 
where core sampling presumably caused the most compaction. With 
increasing depth, however, bulk densities obtained by the core 
method approached those from the radiation method, and it is 
thought that at 100 cm and deeper, the cores gave a reasonably 
true value. Between 10 cm and 50 cm depth, only the results of the 
density gauge method were used. Values were corrected to the 
nearest 0.05 gm/cc, since it is doubtful if a closer approximation 


can be obtained by either method, because of sample variation. 


Particle Density 


This was determined by the pycnometer method using 50 ml 
specific gravity bottles (Blake 1965), and a 10 gm quantity of soil 
with water as the displacement fluid. The method is reproducible 
to the third place of decimals, but values contain errors from two 
known sources. The first of these, over-estimation arising from 
activity of the clay fraction, is normally considered to be less 
than 1% (Gradwell 1955). The second source of error is from 
solution of salts. The extent of this error can be seen by taking 
as an example, a sample high in salts. The Ah horizon of the 
saline solonetz soil at Site 9, with an electrical conductivity of 
28 m mhos/cm, contained approximately 1.6% Na, SO) , 0.4% MgSO, and 


1% CaSO - 2H,,0 (Gypsum) was also present. The concentration of 


I 


dissolved Naso in the pycnometer bottle solution should have been 
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0.3% and at this low concentration, it will have dissolved with a 
volume increase approximately equal to the solute itself (Hodgman 
et al. 1961) therefore producing no error. The MgSO, concentration 
of 0.06% in solution will have dissolved with a volume increase of 
about 50% of the solute volume (Hodgman et al. 1961), giving rise 
to a 0.15% error in particle density. However, the total 1% of 
gypsum in the sample should also have dissolved giving rise toa 
0.2% concentration in solution. With a volume change of about 50% 
of the solute volume, the particle density was over-estimated by 
about 0.5%. Since soluble salt concentrations of other samples 
are all lower than the example given, errors in particle density 
from this source are generally well below 0.1%. However, gypsum, 
where amounts are large, as occurs in several horizons, can 
dissolve to the extent of 1.3% of the soil (Jackson 1958) giving 
rise to a 0.7% error in particle density. It should be realized 
that this error exists in such cases but since values were used 
mainly in conjunction with bulk densities where errors are much 
larger, for calculation of porosity, correction of values was not 


considered justified. 


Particle size analysis 


The pipette method (Kilmer and Alexander 1949) with some 
modifications made by Toogood and Peters (1953) was used. Sand 
was separated into five fractions by sieving on a shaker for 10 


minutes. 
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Moisture retention 


Soil and till cores obtained with the truck-mounted 
coring device were enclosed in rubber rings and cut to 3 cm lengths 
before being placed, still in field-moist condition, on a Soil 
Moisture Equipment Co. 15 bar ceramic plate extractor. Following 
saturation, soil cores were subjected to pressures of 0.1, 0.33, 
1.0 and 15 atmospheres, using nitrogen gas. Till cores were 
subjected to pressures of 0.05, 0.1, 0.33 and 1.0 atmospheres. 
After about five days allowed for equilibriation, this being the 
time normally necessary for cessation of outflow, the cores were 
carefully removed, weighed and replaced before being re-saturated 
and subjected to further pressure treatments. Loss of material 
from the cores between treatments which could result in considerable 
error, was kept to a minimum. The alternative but more accurate 
method, employing different cores for each pressure treatment would 


have involved a prohibitively large number of cores. 
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II - CHEMICAL ANALYSES 


Cation Exchange Capacity 


The method of Bower et al. (1952) was used. This 
involved treatment of soil in a centrifuge tube with sodium 
acetate, and displacement of sodium with ammonium acetate. Sodium 
in the displacement solution was determined using a Perkin Elmer 


303 atomic absorption spectrometer. 


Exchangeable Cations 


Using the method of Bower et al. (1952), 1N ammonium 
acetate was employed to displace the cations, which were then 
determined using the atomic absorption spectrometer. Only samples 


low in soluble salts were employed. 


Soluble Salts 


Saturation extracts were obtained by the method of 
Scofield (1932) from soil and shallow till samples. In addition, 
1: 5 soil-water extracts, or where large amounts of gypsum were 
known to be present, 1 : 25 or 1: 50 extracts, were prepared by 
shaking with water overnight followed by centrifuging. Only 1: 5 
soil-water extracts were obtained from deep till and bedrock 
samples. 

Soil, till and bedrock extracts, as well as water samples 

+ ++ 


from piezometers were analyzed for Ca’ sag) a5 Na’ and K* using 


the atomic absorption spectrometer. Sulphate was determined using 
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the turbimetric method involving precipitation of barium sulphate 
(Chesnin and Yien 1951) with modifications used by Massoumi and 
Cornfield (1963). Carbonate and bicarbonate were determined by 
titration using the method of Magistad et al. (1945). Chloride 
was determined by titration with standard silver nitrate in the 


presence of potassium chromate (Magistad et al. 1945). 


Soil Reaction 


The soil paste method outlined by Doughty (1941) was 


used, with a Beckman model H2 glass electrode pH meter. 


Electrical Conductivity 


This was measured on the saturation extracts using a 
Yellow Springs Instrument Company model 31 conductivity bridge 


with 3403 cell. 


Carbonates 


Calcium carbonate equivalent was determined using a 
Smolik calcimeter (Bascomb 1961). In addition, soil and till 


samples which had already been extracted with sufficient water to 


remove salts and gypsum, were then extracted overnight with 2N HCl, 


and calcium and magnesium were determined in these extracts using 
the atomic absorption spectrometer. The calcium and magnesium 
removed should have come from carbonate and from the exchange 


complex. Since calcium and magnesium are approximately equally 
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strongly held by the exchange complex, the ratio of calcium to 
magnesium there should be similar to that in soil solution, but 
may differ from that in carbonate form because of solubility 
differences. However, where amounts of carbonates are large, and 
the proportion in the exchangeable form is small compared to the 
total, the Ca : Mg ratio in the extracts will approach the ratio 
in carbonate form. The ratio in the extracts was therefore 
applied to the carbonate equivalent values to obtain approximate 


separate values for calcium and magnesium carbonates. 


Gypsum 


Deb's method, as reported by Hesse (1971), was used to 
estimate gypsum content by comparing the amount of sulphate in 
water extracts which were sufficiently dilute to dissolve all the 
gypsum, with the amount of sulphate and calcium in saturation 


extracts. The extracts were those used to obtain soluble salts. 


Organic Carbon 


The wet combustion method of Walkley and Black (1934) 


was used. 
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RESULTS AND DISCUSSION 


I - GROUND TEMPERATURES 


The O°C isotherm penetrated less deeply during winter 
1972/3 thaweduring winter 197 1/2=atethe’ six sites-for which full 
information is available (Figure 6), presumably because of 
differences in air temperature. The mean air temperature at 
Vegreville for the five month period, November to March, was 
=iveo Coin) 1971/2. andeedteaC immO72/3. “ideseems Likely that 
soil temperature differences between the two years would have been 
greater but for a shallower snow cover during the coldest months, 
December, January and February 1972/3 (mean 16 cm) than the 
previous year (mean 27 cm). Differences in summer heat penetration 
between the two years appear small. 

There were considerable differences among sites over the 
period in spite of the sites all being under fairly similar grass 
vegetative cover. Winter penetration of the O°C isotherm was only 
150 cm at Site 4 compared with over 300 cm at Site 7. Site 4 
was only 3 metres from the west side of a poplar wood and this 
could largely account for its exceptionally warm winter tempera- 
tures. Show drifted’ to a depth of 0.6 to-0.9 metres at this 
site but since snow drifted to a similar depth at Site 3, where 
the O°C isotherm penetrated much deeper, the protective effect 
of the wood, and possibly the effects of aspect may be more 
important factors than snow depth in influencing the winter 


Soil temperatures. At Site 4, and also Site 3 which was partially 
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shaded by a thinly wooded fenceline, summer temperatures were 
cooler than at other sites. Sites 1, 6 and 9, where the water 
table was usually within 1 metre of the surface (Table 2), 
exhibited a lesser penetration of the O°C isotherm in winter than 
all other sites except Site 4, but summer heat penetrated deeper 
at these wet sites than at other sites, the effects being most 
pronounced at Site 6 where the water table was closest to the 
surface. This suggests that the wetter sites should have warmer 
mean annual temperatures than neighbouring drier sites, which 


was confirmed (Table 3). Since temperatures were always recorded 


during daytime, the means for 20 cm are probably slightly in error, 


because detectable diurnal fluctuations can penetrate to this 
depth, but temperatures at other depths should be reasonably 
reliable and are 2-3°C warmer than the mean air temperatures for 
the same, period. -@. 44°C an w971/2 and +4.4°C in 1972/3, recorded 
at Ranfurly. The deeper penetration of the O°C isotherm at Site 7 
than at other sites is not easily explained. Winter snow depths 
averaged, about 2 cm less at Site 7 than at Site 6, and very. 
slightly less than at Site 5; it is also likely that a greater 
Bulkmcensity DE both soll table 2) and till at this site, and 
consequently lesser porosity, would, through its effect on thermal 
Conductivity, be a contributing factor. 

Strong soil temperature gradients in September and 
October and again in spring, provide an opportunity for thermal 
diffusivities to be estimated. Such estimates made in situ are 
not very precise due to temperature fluctuations at the soil 


surface, and soil air and water movements, but they are useful 
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Table 3. Mean soil temperatures for the periods October 1,1971 
to October 1,1972 and October 1, 1972 to October 1, 
1O7ee¢atethegnine study sitestiin °C. 


Depth Site 
cm ‘Ai 2 3 4 5 6 7 8 9 


October 1971 - October 1972 
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October 1972 - October 1973 
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for comparative purposes. At 50 cm depth, the rate of temperature 
change, dT/dt, is generally greater at the wetter sites (1, 6 and 
9) than at neighbouring drier sites (5, 7, 8) and since diffusivi- 
ties at this depth are not consistently different (Table 4), the 
cause is unlikely to be differences in thermal properties at 50 cm 
depth (diffusivity being a measure of the rate of temperature 
change that occurs under a given situation of heat supply and 
temperature gradient), but possibly differences in thermal diffu- 
Sivities nearer to the soil surface. Other causative factors 
could however be: greater albedo of darker moister soil surfaces 
and a thinner vegetative cover, at the wet sites. In winter, in 
spite of initially more rapid cooling at the wet sites, penetration 
of the O°C isotherm is presumably limited to a greater extent than 
at drier sites, by the moisture reserve which under conditions 
involving latent heat of freezing, acts as a heat source. 
Diffusivities are of fairly similar magnitudes to those 
quoted by Van Wijk (1963) and Longley (1967). However, sites at 
higher elevations (1 to 3) show greater values for September than 
June, whereas the other sites show the reverse trend. The 
differences reflect similar differences in the magnitudes of 


4°7/aze 


(rate of change with depth, of the temperature gradient) 
which could result from several causes, the most important of 


which are probably differences in aspect, water infiltration and 


air movement. 
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Table 4 Rate of temperature change (dT/dt), rate of change with 
depth of the temperature gradient (d2T/dZ2) and diffu- 
sivity (D) in late September 1972 and late June 1973 
at 50 cm depth at the nine study sites. 


Site dT/dt d2T/dZze D 
°C/day x 10-3 °C/cm2 x 10-3cm2/sec 
Sept June sept June Sept June 
ch -0.22 O26 -0.5 Mee) A.9 ie ct 
2 =O. 17 0.14 -0O.7 ee Ze 1.2 
3 =O615 «Oc r2 FOLG 10 Togs | 1.2 
A -0.20 Orid -2.0 0.2 io 6.0 
5 -0.21 0.10 -1.7 Ont pA) S23 
6 -0.24 0.14 -1.4 0.3 2.0 Deel 
vs -0.21 On -1.1 Oe 202 4.7 
8 -0.20 0.12 -1.1 0.4 2.0 Bia 
9 AO Ae) O16 =OmO Oo SAS 4.5 
Teeeeempecatine:  to= stance 2= Vertical distance;)D =. thermal 


diffusivity 
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II - HYDRAULIC CONDUCTIVITIES 


Hydraulic conductivities of Fluvio-glacial and Bedrock materials 


Materials of the Hummocky Disintegration Moraine showed 
extreme variability of texture (Figure 7), and therefore, the 
very sandy loose materials (sands, loamy sands, and sandy loams) 
underlying Sites 1 and 2, because of their distinct properties, 
were considered separately from other stratified drifts and till 
in calculating hydraulic conductivities. However all these 
materials are in places intermixed. In contrast, samples of 
Ground Moraine Till from the lower study sites, even though greater 
in number than those from Hummocky Moraine, showed a relative 
uniformity of texture and no separation was necessary. Coring did 
however show that some thin bands of high permeability existed in 
this otherwise poorly permeable till. Such layers occurred at 
depths of about 3 metres at Site 4) and 2 metres at Site 5. A few 
samples from bedrock showed enormous variability of texture. How- 
ever no basis for separation could be found from descriptions made 
during drilling, since most materials consisted of closely alter- 
nating layers of sandstone and shale, both of which, being high in 
montmorillonite, could be expected to be equally low in permea- 


lout 1balexee 


1. Loose sandy materials of Hummocky Disintegration Moraine origin 


Because of the looseness of these materials, degree of 


anisotropy (Kh/Kv) is difficult to estimate, and for the purpose 
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-_-_—— Till and Stratified Drift of Hummocky 
Disintegration Moraine(9 samples, 3 locations) 


memos Till of Ground Moraine (12 samples, 6 locations ) 


we teee cess Bedrock (5 samples, 3 locations) 





PERCENT SAND 


Range of particle size analyses for samples from fluvio- 
glacial drift and bedrock at the soil study sites, using 
the Canadian textural classification diagram (Toogood 


1955). 
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of calculating hydraulic conductivity from piezometers, it was 
assumed to be equal to one. Agreement is fairly good between 
hydraulic conductivities calculated from piezometers, a labora- 
tory determination, and a prediction made from particle size 
analysis using Hazen's line (Table 5). The approximate value of 
4 cm/hr is much higher than for the other surficial materials or 


bedrock. 


2. Other Stratified drifts and Till of Hummocky Disintegration 


Moraine origin. 


Hydraulic conductivity values obtained from these 
materials were extremely variable (Table 6). Calculation of 
horizontal conductivities from piezometers was based on a degree 
of anisotropy (Kh/Kv) of 10 used by others for similar materials 
(Freeze 1969). Hydraulic conductivities obtained from cores 
were much larger than those predicted from particle size analyses 
using information from Lambe and Whitman (1969). Some cracking 
or shattering of the cores may be the reason for this discrepancy. 
It would be difficult to provide an overall estimate of hydraulic 
conductivities applicable to either the stratified drifts or the 
till, since both are intermixed, and at Sites 1 and 2 they also 
appear to be partially intermixed with the loose sands. At Site 
3 where the till is predominant, values for horizontal conduct- 
ivity (Kh) of 0.002 cm/hr and vertical conductivity (Kv) of 


0.0002 cm/hr are tentatively suggested. 
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Table 5. Hydraulic conductivity of loose sandy materials from 
piezometers, laboratory cores, and predicted from 
particle size analysis. 





Site Depth Hydraulic conductivity cm/hr 
cm Piezometer Laboratory Predicted 
1 300 B02 = 5 
600 9.7 - 5 
2 300 - 4.0 Cis 
430 £..G z 
Means 4.8 4 .O 2.5 


Table 6. Hydraulic conductivity of stratified drifts of Hummocky 
Disintegration Moraine from piezometers, laboratory 
cores and predicted from particle size analysis. 


Site Depth Hydraulic conductivity cm/hr 
cm Piezometer Laboratory Predicted 
Horizontal (Kh) Vertical (Kv) Mean(Km) 


STRATIFIED DRIFT 7 
150 = 0.012 0.001 


al 
1 200 = 0.049 0.00007 
zs 150 = 0.52 On Ot 
2 750 0.00008 a . 
3 320 Ss On12 0.01 
S 520 0.15 . di 
Means 0.08 Ok] 0.005 
TILL 
3 150 = 0.00003 0.00007 
3 200 = 0.0007 0.00007 
: 230 = O2001 1 0.00007 
S 250 = 0.0007 0.00007 
3 300 = 0.0013 0.00007 
3 820 0.0002 na = 


Means 0.0002 0.0008 0.00007 
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3. Ground Moraine Till 


Results for the three methods of estimation are not 
dissimilar (Table 7) if allowance for anisotropy is made. It is 
likely that degree of anisotropy (Kh/Kv) is closer to 5 than 10, 
Since there is a relative lack of stratified materials in these 
deposits, and a value of 5 gives a better agreement between 
piezometer and laboratory determinations. Average values are 
assumed to be 0.001 cm/hr for horizontal conductivity (Kh) and 


0.0002 cm/hr for vertical conductivity (Kv). 


4. Bedrock 


With equipment available, core samples could only be 
obtained where the bedrock was close to the ground surface. 


Consequently only three laboratory determinations were made. 


5 


The mean of two determinations on sandstone was 5.6 x 10. 


5 


cm/hr, 
while a value of 7 x 10 ~ cm/hr was predicted from particle size 
analysis. The remaining core, described as shale but more 
properly siltstone !(Folki1954)), gavev’a' value of 2.1 x 107" cm/hr 
in the laboratory, rather smaller than the value of 2.5 x 107? 
cm/hr predicted from particle size analysis. The very low values 
for sandstone are a consequence of a high montmorillonitic clay 
content and relatively small silt content. 

A total of 43 piezometers which terminated in bedrock 
provide estimates of hydraulic conductivity where assumptions 


concerning anisotropy are made. The value chosen for degree of 


anisotropy is 50, based on research results on similar bedrock 
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Hydraulic conductivity of tills of ground moraine from 

piezometers using two assumed values for degree of 

anisotropy, from laboratory cores, and predicted from 

particle size analysis. 
Depth Hydraulic conductivity cm/hr 

cm Piezometer Laboratory Predicted 

Horizontal (Kh) Vertical(Kv) Mean(Km) 
Kh/Kv=10 Kh/Kv=5 
200 - ~ 0.0012 0.0003 
300 ~ ~ Op OOds OZOOHS 
670 OnOOs) 0.0031 - - 
150 - - 0.0000 3 Onooos 
200 - - 0.00003 020003 
300 ~ - 0.0001 0.0010 
460 0.0001 O70001 = ce 
180 0.0002 0.0002 - - 
15 O - - 0.00006 OE O0007. 
180 0.0002 0.0002 - - 
150 - - 0.00002 0.00007 
200 - - 0.0001 OnOOs 
180 0.0028 0.0024 - - 
180 0.0003 0.0003 = a 
150 - - 0.0001 On OOd! 
0.0012 0.0010 0.0003 OTOOd 
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materials (Freeze 1969). Values obtained for horizontal 
hydraulic conductivity (Kh) show an enormous range (Table 8), 

but statistics for the soil study sites were remarkedly in 
agreement with those obtained from the deep piezometers installed 
as part of Leskiw's (1971) study. A most noticeable feature was 
the verye*skewed distribution of values (Figure 8). This 
presumably arises because occasional fissures or bands of very 
high permeability (aquifers) exist in a material, the bulk of 
which has a very low permeability. The skewed distribution has 
to be taken into account in estimating an ‘average! value for the 
bedrock. The arithmetic mean is over-influenced by the few very 
high values, so the median, or mean of the logged values should 
be more representative. Should the very high values represent 
horizontal bands having much influence on horizontal flow but 
little effect on vertical flow, then it is possible that the mean 
may come closer than the median in estimating horizontal conduct- 
ivity, while the median or mean log representing the bulk of 
material may be closer to the vertical hydraulic conductivity. 
Approximate values, which are in agreement with those found on 
similar materials elsewhere (Freeze 1969), are 0.004 cm/hr for 


e) 


horizontal conductivity and 8 x 10 ~ cm/hr for vertical conduct- 


ivity, but where applied to individual sites and depths, some 


account should be taken of the actual values at those locations. 


Soil saturated hydraulic conductivities 


These values (Table 9) are of interest in comparing the 
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Table.o.) Hydraulic conductivities in bedrock, calculated from 
piezometers. 





Statistics 





Soil Study Deep Piezometer ALL 
Sites Nests Piezometers 

Sample Size 28 15 4 3 
Maximum, cm/hr (oye 0.39 O42 

Biwotte A TIT 4 

at Depth, m Leo 47 se) 
Minimum, cm/hr 5 x 10-6 Bax 4072 5 x 10-0 

at Site 9 I and IIT 9 

at Depth, m Biel 124,97 Blots 
Mean, cm/hr 0.019 0.027 0.022 
Median, cm/hr 0.00010 0. 00017 0.00014 
Mean log, cm/hr 0.00026 OnO00S 2 0.00028 


Table 9. Saturated hydraulic conductivities (K) in 2 mm sieved 
soil from Ah and Ap horizons. 


Site 
1 2 3 b 5 6 7 8 ) 
Horizon Ah Ap Ap Ap Ap Ah Ap Ap Ah 


K cm/hr 222 220 220 223 LieiS) Ow 128 Ae7, iG 
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Figure 8. 


HYDRAULIC CONDUCTIVITY cm/hr 


Frequency histograms showing distribution of Bedrock 
hydraulic conductivities on an arithmetic scale (above) 
and on a log scale (below). 
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extent to which Ah or Ap horizon permeabilities might limit 
rainfall or snowmelt infiltration in different soils. Unsaturated 
flow would however be a more usual condition than saturated flow 
in surface horizons. Solonetzic soils (Sites 5-9), as expected, 
had smaller hydraulic conductivities than soils at other sites, 
and the only alkaline Solonetz (Site 6) had the smallest value. 
Salts in solution, by maintaining flocculation, presumably 
contributed to the much larger value in the saline Solonetz at 
Site 9, than in the alkaline Solonetz. With the exception of the 
alkaline Solonetz, differences between soils were not large, and 
it appears that the Ah and Ap horizons are able to absorb and 


transmit water fairly freely, even in most Solonetzic soils. 
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ITI - GROUNDWATER CHEMISTRY 


Analyses of water samples from piezometers 
installed as part of Leskiw's (1971) study, after its completion, 
are in general conformity with conclusions reached by Leskiw 
himself from well and spring water samples obtained from the 
Same area. Results of these analyses presented as a computer 
print-out diagram (Figure 9) obtained using the contouring 
program Symap (Shepard 1970, Symap Manual 1971) are therefore 
only briefly discussed here. With decline in site elevation, 
there is an increase both in total dissolved solids and in the 
sum of sodium and potassium concentrations (mainly sodium since 
potassium amounts are small) as a proportion of total cations. 
This is to be expected from increase in length of groundwater 
flow paths and thus time of contact between water and lithology 
towards the valley floor (Chebotarev 1955, Schoeller 1959). “The 
sum of sulphate and chloride concentrations as a proportion of 
total anions also increases with decline in site elevation, but 
only near the ground surface. Since little chloride is present 
in groundwaters of this area, the sum of sulphate and chloride 
closely reflects sulphate alone, and as suggested by Leskiw (1971), 
the small amounts in deep samples near the valley floor may result 
from sulphate reduction. The ratio of calcium to magnesium, which 
can be expected to decline with increase in flow path length (Toth 
1966), did not follow any consistent pattern here, presumably 
because of almost negligible amounts of magnesium inmany samples. 


Aspects of groundwater chemistry of interest here are 
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HORIZONTAL SCALE 
fe) 500 


1000 metres Vertical exaggeration 10:1 








Level : 
Symbol ili TT 
Ranges 0-10 10-25 25-50 50-80 80+ TOTAL DISSOLVED SOLIDS meq /| 
0-25 25-50 50-75 75-95 95-100 SODIUM PLUS POTASSIUM percent of cations as equivalents 
0-10 10-20 20-40 40-65 65+  #§ SULPHATE PLUS CHLORIDE percent ofanions as equivalents 
-------- Lithological boundary 
Pugure 9.0 Distribution of total dissolved solids, sodium plus 


potassium as a percentage of cations, and sulphate plus 
chloride as a percentage of anions obtained from analysis 
of water in piezometers installed as part of Leskiw's 

C19 7iLje study. 
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those most likely to have a bearing on soil genesis at the 
individual soil study sites. In this connection, total dissolved 
solids, sodium as a proportion of cations, and to a lesser extent, 
sulphate as a proportion of anions, were considered of most 
interest in waters from the upper and lower soil study areas. 
There is a lesser content of dissolved solids and proportion of 
sodium in the upper study area than in the lower study area 
(Figure 10), presumably for reasons discussed above. Within the 
upper study area, total dissolved solids are least at intermediate 
depths where a sand layer is located and most in the till, and in 
the absence of large amounts of sodium or potassium, presumably 
largely reflect calcium and magnesium content of the lithology. 
Sodium amounts as a proportion of total cations are larger in the 
sand layer, which is close to the surface at Sites 1 and 2, and 
reflect a low calcium and magnesium content rather than a greater 
absolute sodium content. In the lower study area, both total 
dissolved solids and sodium as a proportion of cations are greatest 
close to low lying areas around Sites 6 and 9 where groundwater 
discharge of deep origin might most reasonably be expected. 
Evapo-transpiration has presumably aided in concentrating total 
dissolved solids close to the ground surface. The extension of 
high total dissolved solids and high sodium content at Site 6, 
westward to beneath higher ground at Site 7 where local recharge 
would be expected to cause decline in salinity, may result from 
strong lateral flow towards the river within more permeable 

layers of the bedrock (see p.115). 


Sulphate as a proportion of total anions does not follow 
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as consistent a pattern as total dissolved solids or sodium 

and zones of high and low concentration occur in both upper and 
lower study areas (Figure 11). In the upper study area a high 
sulphate content appears to be associated with the till, which is 
thick at Site 3 and thins towards Site 2 while low concentrations 
exist in the sand layer which underlies the till, and the bedrock. 
In the lower study area, sulphate near the ground surface shows 
some relationship with expected concentrations of groundwater 


discharge, but as discussed in connection with piezometers 


installed as part of Leskiw's (1971) study, sulphate concentrations 


deep within the bedrock are fairly low throughout the flow system. 
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IV - GROUNDWATER FLOW 


Groundwater flow beneath the whole west slope 


Piezometer nests installed by the Department of 
Environment have provided information on deep groundwater flow 
which should be applicable over much of the western sloping 
portion of Leskiw's (1971) study area, including the sites 
involved in this study, which approximately parallel the nests, 
O.5 to 2 km to the South. Except for a few of the shallower 
piezometers, seasonal water level fluctuations were extremely 
small and since differences between annual means for the two 
years of study were almost negligible, the mean levels for the 
period October 1972 to October 1973, for which fullest information 
is available, were considered reasonably representative of the 
whole study period. Hydraulic potentials of surface water bodies 
were included along with these piezometer means to aid in 
calculating the correct position of equipotential lines using 
the computer contouring program Symap (Shepard 1970, Symap Manual 
1971). This program used in conjunction with the subroutine 
CContr prepared by the Civil Engineering and Computer Services 
Departments at the University of Alberta enabled drawing of 
equipotential lines to be performed by a Calcomp 770/663 plotter. 
Flow directions were then calculated from these equipotential 
lines to take account of both a bedrock anisotropy of 50 : 1 and 
the vertical exaggeration (Figure 12). 


Downward flow predominates throughout the area, the 
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hydraulic gradient being greatest and most consistent between 
nests I and II beneath topographically high elevations. At nest 
III, near the theoretical midline (Toth 1962), shallower flow 
remains downward but deeper flow is more confused HenGHiNG mainly 
lateral at around 600 m elevation between nests III and IV. At 
nests IV and V, deep flow is still aseneaean but at shallow depths 
small zones of upward flow are indicated both to the west of nest 
IV and at the Vermilion River, separated by a local downward flow 
beneath a small rise in ground level. Supporting evicence for 
discharge in the vicinity of nest IV is provided by the shallowest 
piezometer at this nest, since it had a mean water level just 
above ground level, which is at least 1 metre above the estimated 
position of the water table, and in September 1971, the water 
level in this piezometer rose to a peak of 0.8 m above the ground. 
A predominantly downward regional flow even beneath 
topographically low elevations is a departure from the ideal 
'small drainage basin' of Toth (1962), but not a unique situation 
on the Bias Meyboom (1967b) describes such a situation in the 
Arm River valley of Saskatchewan where regional flow towards the 
river is superimposed on a deeper regional downward flow into the 
highly permeable Beechy Sandstone. Examination of stratigraphy 
of the Vegreville area (Shaw and Harding 1949) does not reveal 
the presence of such a well-defined aquifer below the Vermilion 
River, but beds of sandstone such as the Victoria member of the 
Belly River Formation should be present 100 m or so below the 
river and could cause downward flow in the less permeable beds 


above by conveying water northwards to discharge at lower 


98 


. ri7o 
, paen' 
! j 
) 
1! 
é 
; 
ID Lr 
rf 
! 
rere Vv 
it < 5 
wolesr 
bicnom 
{ 


Le = 


i bes J2efae1y opnied IneibatQ ailvatbya 
ioid yilasidasrpeqos dfasned Il bna ft eigen 
wer dade witibin Lsaiteucsady ef3 t4#2080en ,ITIT 

woll teqeeb Sod hbtawnwob enisnet 


| qaewted noltavelse mm 000 bavota fa Laietat 


b-rAwW Eit3 -i welt geeb .V baa VI aitaon 


val biewqu to eenos ilama 


tmae¥Y eft Ja Buna VI 


~ 
me 
= 


nuorn ak 6eia Jieae o dtiaened 
rig @a Y tuen to vdininggv e@9 mi epitasiseid 


teow aid’ I9 yetemozotg 


: vi doidw .level bawoig svods 
dn rtnw off to noijieogd 
o1 1926m0sehq e489 ant Lovel 
afro : ~tAwiiwol ‘[U.nanmsmooe tq A 


trisvele wol yilaesidqaitgoqos 
'niesd apenitetbh Iileame’ 
ix ) moodyah -aateald sad no 


sHas2 to yalliev tevivi waa 


ooh a no bepoqmiaequa et teva 


r . abuse yrosed efdaemieq yidpid 
Cad . ce wai2d) ests @tiivergevY ed? ioe 
‘oLiups bontteb-Lisw a dave be spmeeeta eff 


(ij es dove snotabnae to ebad fud ,1eVin 
ad tDivede noitemve4 toviad ¢liea 
it woll buswnwob eevao tiges bas rasyvig 


Iogib oJ abiswdited aedew enivewteo yd svoedsa 





2yS) 


elevations downstream. 

Flow towards the 600 m elevation at nest III and away 
from it at nest IV suggests the presence of a horizontal aquifer 
ae eats this depth. The piezometer terminating at 610 m 
elevation at nest III showed that the material at its base has 
a horizontal hydraulic conductivity 3000 times the median for the 
bedrock, providing further evidence for the existence of such an 
aquifer, which if terminating near nest IV could contribute to 
the near surface discharge observed there. Such effects caused 
by lenses of high permeability are explained in more detail in 


a subsequent section (see pp. 101,103). 


Groundwater flow at the soil study sites 


1. Characteristics of Hydraulic Potentials at shallow depths 


Hydraulic potentials at shallow depths exhibited marked 
flectuations. -In the upper study area (Sites 1-3) and at Site 4, 
in the lower study area sharp rises occurred in response to spring 
thawing and the very heavy rainfalls of summer 1973 with declines 
Vaelevele during winter (Figure=139.-—-in-contrast, poténtials at 
sites further downslope were generally little affected by short 
term weather changes, and in the extreme cases of Sites 8 and 9, 
followed almost perfect annual sinusoidal curves (Figure 14). At 
Sites 7, 8 and-9,fluctuations in potential ‘at “different depths 
were generally not in phase as was normally the case at the higher 
sites. The shallowest piezometers showed maximum hydraulic 


potentials in August at Site 7 and in September at Sites 8 and 9 
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Figure 13. Sites 1 to 4 water table (WT), slough, and piezometer 
levels adjusted for basic time lag (end depths 
bracketed), in relation to time and precipitation. 
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Figure 14. Sites 5 to 9 water table (WT), slough, and piezometer 
levels adjusted for basic time lag (end depths 
bracketed), in relation to time and precipitation. 
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while potentials at greater depths reached peaks progressively 
later suggesting a possible lag effect in addition to reduction 

in amplitude with depth, and also a possible lag effect with 
respect to position downslope. Some small delays in adjustment 

to seasonal infiltration might be expected because of small 

though significant compressibilities of both water and rock 
(Ferris et al. 1962) and these would of course be enhanced by 

the presence of any entrapped gases. Probably more important 
factors contributing to lag effects are permeability contrasts 
causing effective separation and connection between different flow 
zones, and the gradual lateral movement of water downslope through 
the more permeable near-surface layers both above and below the 
water table. Frost effects must be taken into account in the 
interpretation of some near-surface water level fluctuations. The 
decline of near-surface water tables in winter has been partly 
attributed to upward movement of water into the frost layer, and 
the rapid rise in spring partly to subsequent thawing (Schneider 
1SGAeeWilles setral. 1964, (Meyboom 1967b)s Site 1) situated 3° to 4 
metres from open water showed a decline in both water table and 
shallow piezometer potentials from levels only slightly below the 
adjacent open water (slough) in October: to around 1.5 m below the 
slough by winter's end. Although limited neutron probe moisture 


readings available for winter 1971 showed a sufficient increase in 


moisture content of the unsaturated zone to account for the fall in 


water table level (Figure 15), most of this moisture increase 
occurred prior to December 31 while less than 50% of the water 


table fall had occurred by this date, and the deeper moisture 
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Figure 15. Changes in soil moisture, and water table level relative 
to ice level in the adjacent depression, at Site 1 over 
winter. 
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readings suggest that the soil was still saturated well above the 
apparent water table at winter's end. Although a more thorough 
evaluation of moisture changes would have been possible with 
inclusion of neutron probe readings below the water table requiring 
sealed access tubes rather than open ones used here, it nevertheless 
appears that the water table and shallow piezometer readings 
reflect only the level of unfrozen water, which by late winter 
may be overlain by soil saturated with ice. This is also supported 
by the close relationship between depth of the O0°C isotherm (Figure 
6) and the apparent water table. This relationship might be 
expected under conditions of recharge, since downward water move- 
ment, by lowering the unfrozen water level below the frozen zone 
above, would allow air to enter laterally between water and ice 
surfaces so creating a new apparent water table at the base of the 
frozen layer. However a similar fall in hydraulic potential 2.4 m 
below the ground surface at Site 9, to a level well below the water 
in the adjacent depression, suggests that recharge is not essential 
for this phenomenon. As suggested by Hoekstra (1966), thermally 
driven moisture movement towards growing ice surfaces, which occurs 
because of differences in chemical potential in a soil below O°C 
is capable of causing moisture contents above the water table to 
increase beyond calculated saturation levels. Consequent ice lens 
formation and frost heaving perhaps causes cracks through which 
air enters resulting in the apparent fall in water table. 

Both reductions in amplitude of fluctuation and delayed 
effects with depth, whatever their cause, have an important 


bearing on conclusions that can be made regarding flow gradients. 
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For example, where mean annual hydraulic potentials vary little 
with depth, such as at Site 8, either the reduction in amplitude 
of fluctuation, or the lag effect with depth, suggests changes 
from recharge at one season to discharge at another which may be 
more apparent than real. Conclusions regarding groundwater flow 
based on a period of less than one full wavelength of fluctuation 
must therefore be rather speculative, particularly near the 
discharge end of the flow system and where a wide depth range is 
involved. During winter, flow directions cannot be based on 
differences in levels between open ice surfaces and piezometer 
levels, since movement between the two is restricted, and not at 
equilibrium in the usual sense, and in spring, some of the 
apparent water rise must be attributed to melting within the 


ground rather than to infiltration of rain or snow meltwater. 


2. Groundwater flow from piezometers in the Upper study area 


Although the high elevation above the river of Sites 
1 to 3 suggests that groundwater recharge should be dominant, 
some local discharge would not be unexpected because of the 
position of the sites near the foot of a 16 m high slope. Piezo- 
meters show a downward flow gradient into the bedrock throughout 
the year (Figure 16) with a flow rate estimated to be around 0.2 cm 
per year (Table 10), but in the highly permeable sand above the 
eater! gradients were small and rather inconsistent. At Site 1, 
the mean gradient, though small, was upward within and above the 
sand layer suggesting that at this site an upward groundwater 


flow overlies the downward flow into the bedrock. Since the 
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potential in the water-filled depression (slough) was almost 
always higher than that of the water table at Sites 1 and 2, 
flow diagrams suggest that the source of discharge at Site 1 is 
from the slough itself which in turn must receive most of its 
water by overland flow possibly supplemented by discharge from 


the east. 


3. Groundwater flow from piezometers in the Lower study area 


The only unifying characteristic of groundwater flow 
in this area, is the overall westerly flow gradient in the direction 
of the Vermilion River (Figure 17). Vertical flow directions are 
extremely variable. Only at Site 7 is a downward direction 
indicated by all piezometers, and only at Site 9 is a consistently 
upward flow suggested. Elsewhere, reversals in vertical direction 
occur at varying depths presumably as a result of variations in 
lithology. Such reversals in direction are most probable where 
thin horizontal lenses high in permeability, or cracks and fissures, 
exist in a medium of overall low permeability (Figure 18). Such 
lenses are common in the till, while in the bedrock, seams of coal, 
or sandstone lacking the usual high bentonitic content (Shaw and 
Harding 1949) could serve a similar function. Such a lens or 
fracture in the bedrock must almost certainly be the cause of a 
flow reversal at Site 4 from an upward direction above 635 m 
elevation to a downward direction below this elevation. The 
hydraulic conductivity reading obtained from the piezometer 
terminating at 634 m provides evidence for this, as the value 


of 0.42 cm/hr for horizontal flow was 3000 times the median value 
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in the bedrock. Between Sites 5 and 6, vertical flow directions 
are variable, again presumably because of contrasting permeabil- 
ities, though no consistent pattern to permeabilities could be 
perceived either from hydraulic conductivity measurements or 
rock descriptions. However Sites 5a and 6 together suggest a 
dominantly upward flow in this area. Beneath the slight rise in 
ground at Site 7, the flow appears reversed, and definitely 
downward. This is an area of numerous small temporarily water- 
filled depressions, which where undisturbed, are normally willow- 
ftig dd (see Plate 6). On the edge of one such willow-ringed 
depression, at Site 7a, piezometers ending 2.1m and 4.9 m below 
ground surface showed upward flow, though the shallower piezometer 
only functioned properly late in the study period, while at the 
centre of another similar depression (Site 7b), flow between 
Similar depths was downward. Such variations appear normal in 
an area of willow-ringed sloughs (Meyboom 1966) and result from 
small local systems becoming established around each depression 
particularly during the summer months. 

At site 8, therelis a fairly strong discharge gradient 
above the bedrock, which from piezometer records (Figure 14) 
appears to be fairly consistent throughout the year. This is super- 
imposed on a mainly horizontal flow at amntes depths. At Site 9 
the vertical gradient, though apparently weak, is consistently 
upward from a considerable depth. However the piezometer termina- 
ting at 609 m elevation had not fully stabilized after two years, 
so the magnitude of the gradient between 609 m and 621 m elevation 


is rather speculative. The level of open water adjacent to Site 9 
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suggests outward movement from the slough similar to that occurring 
at Site 1, but unlike at Site 1, water is not lost to greater 
depths through recharge. 

Because flow directions vary between different elevations 
at the same site, those calculated at great depth below the water 
table may not be the most applicable to genesis of the soil above. 
It is therefore important to obtain flow information as close to 
the water table as possible and although shallow piezometers can 
provide some of this information, valuable supplementary evidence 
can be obtained from tensiometers and interpretation of near- 
surface lithology. Unfortunately in the climate of the Canadian 
Plains much of this information is available only during the summer 
months, and because near-surface flow is most subject to short 
term fluctuation, it may not reflect the longer term situation. 
Near-surface flow information has therefore been used with some 


reservations in the site by site analysis below. 


Groundwater flow close to the water table during summer 


Particular care was taken in interpreting water levels 
in perforated pipes, since a highly permeable lens penetrated by 
such a pipe causes the water level to reflect the groundwater 
potential in the lens rather than the true position of the water 
table. Likewise where several such thin lenses are penetrated by 
a perforated pipe in a material of otherwise low permeability the 
water level in the pipe under conditions of either recharge or 


discharge varies with the depth of pipe. Under such conditions, 
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nests of tensiometers, which act as piezometers when below the 
water table, were able to help in establishing the true position 
of the water table by interpolation. Flow diagrams based on 
combined information from piezometers, perforated pipes, tensio- 
meters, and to a very limited extent psychrometers are presented 
for early June and mid September, because these times represent 
approximately the seasonal extremes within the limited frost 

free period for which full accurate information was available. 
Flow diagrams for 17 August 1973 are included because this date 
followed an exceptionally long spell of wet weather, and it was 
also the final date on which nearly full information was obtained. 
Some flow diagrams based on limited information available during 
winter at depths below the O°C isotherm are included for comparison, 


and to assess the continuity of flow conditions through this period. 


Sicecs i.) to Ss 


The diagrams (Figures 19,20) confirm that below the 
water table groundwater movement is predominant Ly downward. Ina 
summer of fairly normal rainfall such as 1972, an excess of evapo- 
transpiration over rainfall causes an upward potential gradient 
to become established above the water table which in combination 
with recharge results ina falling water table level over summer. 
The very wet summer of 1973 however provides an exception to this. 
Since the water table normally declines for a short distance away 
from the permanently water-filled depression near Site 1, outward 
movement of water from this slough acts as a supply not only for 


regional recharge but for a very local discharge close to its 
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Brouce 19. Groundwacer itlow at sites 1 to 3, in 1972, with 


potentials in the unsaturated zone included. 
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Figure 20. Groundwater’ flow at Sites 1"to Sued oe Waid 


potentials in the unsaturated zone included. 
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fringes. 


Bites Vito 5 


At Site 4, the water table access tube was considered 
to act as a piezometer terminating 3 m below the surface, because 
a sand layer penetrated the well at this depth and the material 
above appeared to be comparatively impermeable. Inclusion of 
tensiometer potentials confirms the existence of an upward flow 
direction towards the water table at this site and towards the 
seepage’ area downslope from the site (Figures 21,22). A lack of 
data values for potentials between Sites 4 and 5 means that flow 


directions between these sites is rather speculative. 


Sites. 5 tol? 


Although flow directions based on piezometers alone 
suggest recharge at Site 5, inclusion of information from tensio- 
meters and shallow access tubes shows that discharge almost 
certainly takes place near the water table. A properly functioning 
water table access hole was not obtained until late 1972, but even 
prior to that, coring operations and water levels in the neutron 
probe access tube suggested that water in a sand layer 2 m below 
the surface maintains a hydraulic potential throughout most of 
the year at about 1m below ground level which is certainly above 
the level of the water table, suggesting discharge. The water, 
with an electrical conductivity of 2.8 mmhos/cm was more saline 
than water at greater depths, also suggesting upward flow. 


Tensiometers at 150 cm below the surface, which acted as piezo- 
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Vertical exaggeration 10:1 


Groundwater’ flow at Sites 4 and 5 in 1972, with 
potentials in the unsaturated zone included. 
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Groundwater flow at Sites 4 and 5, in 1973, with 


potentials in the unsaturated zone included. 
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meters since they were below the water table, also suggested 
discharge above this sand layer in summer (Figures 21,22). 
Unfortunately tensiometers were not available on August 17, 1973, 
because farm operations necessitated their removal. 

The two pieZometers at Site 5a suggest upward flow 
while at Site 6 an erratic though predominantly upward flow is 
suggested by piezometers. Tensiometers were not installed in 
sufficient number or at sufficient depth to fully confirm upward 
movement immediately below the water table, but flow diagrams 
(Figures 23,24) suggest that upward flow is dominant. Since 
the site is in a drainageway with buried gravel layers above the 
bedrock, some mixing of surface water probably occurs within these 
layers following rainfalls. 

At Site 7, piezometers alone indicate an apparently 
simple condition of downward flow, but additional information 
suggests that the situation may be more complex. Attempts at 
installing a properly functioning water table access tube met 
with little success, as wells penetrating less than 3 m below the 
surface produced little water, and so poor response while a highly 
permeable layer was penetrated at 3 m below the surface which 
produced a water level the same as that in the piezometer ending 
3.7 m below the Merauel The level of this water fluctuated in a 
regular annual cycle with a peak in late summer and this, together 
with its salinity which was the highest analysed (Figure 14), 
suggests a non-surface origin. Also, even though an observation 
well penetrating 2.4 m below the surface gave a very poor response, 


differences between the water levels in it and in the piezometer 
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potentials in the unsaturated zone included. 
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Vertical exaggeration 10:1 


in 1973, with 


potentials in the unsaturated zone included. 
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terminating 3.7 m below ground level could at times only mean 
discharge. For example on 17 July 1973 the water well level was 
at 637.01 m elevation and falling while the level in the deeper 
piezometer was at 637.54 m elevation and rising. The flow diagrams 
(Figures 23,24) with tensiometer information included also suggest 
upward flow above about 635 m elevation with water possibly 
entering the more permeable layer at this elevation from east of 
Site 6. However, it seems possible that discharge occurring in 
summer, when the water table is lowered by evapo-transpiration, 
may be compensated, at least partially by recharge in winter and 
following the spring thaw or as suggested for August 17, 1973, 


recharge following heavy rains. 


Sates) S to 9 


A perforated pipe penetrating 3.7 m below ground surface 
was thought to provide a reasonably accurate measure of the water 
table position at Site 8, since no highly permeable layers 
penetrated the well. Continuous upward groundwater flow is 
suggested between the shallowest piezometer terminating at 630.5 m 
elevation and the water table, and tensiometer readings conformed 
Withithis situation (Figures 25,26). The water level in the 
shallowest piezometer fluctuated in an annual rhythmic manner, 
peaking in September when surface water levels are normally low, 
and salinity was slightly less in water from this piezometer 
(700 ppm Na) than at the watenstable.(1020 ppm Na). Both of 
these phenomena would not be normal except where discharge is 


occurring. It is possible that a small depression situated just 
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Fagume 25. (Groundwater flow at Sites 8 and 9, in 1972, with 


potentials in the unsaturated zone included. 
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Bigunes26. Groundwater flow at Sites 8 and 9, in 1973, with 


potentials in the unsaturated zone included. 
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to the north which is frequently filled with water to a level at 
least 1 m above the water table at Site 8, could be a source of 
some of this discharge. 

At Site 9 where discharge extends from a greater depth 
than at Site 8, tensiometer readings generally conformed with a 
discharge situation except in early June 1973 (Figure 26) when 
suggested shallow recharge was probably very temporary. Since 
hydraulic potentials derived from piezometers at Site 9 were 
always less than that of water in the adjacent depression, the 
slough water must be largely derived from overland flow rather 
than discharge and it then acts as a supplementary source of 
discharge water around the fringes of the depression in a manner 
Similar to that at Site 1, but with the important difference that 
no permanent loss of water occurs by deeper recharge, with the 


result that salts become concentrated (Figure 27). 
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Figure 27. Essential differences in groundwater flow directions 


in the vicinities of water-filled depressions at 
Sites 1 and 2 (above) compared with Site 9 (below). 
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V - MOISTURE FLOW ABOVE THE WATER TABLE 


Presence of frost limits direct information on water 
potentials above the water table to the period between early 
June and mid October, though considerable moisture movements 
obviously occur at other times, particularly during spring thaw 
which in some years may be the only period during which downward 
flow gradients extend throughout the unsaturated zone. During 
winter, high moisture suctions resulting from partial freezing 
of water near the ground surface, create upward flow gradients, 
though moisture movements may be small since permeabilities 
within unfrozen films at high suctions are inevitably low. During 
winter and spring, information on moisture flow must be obtained 
from soil moisture contents which in this study were obtained with 


a neutron probe. 


Moisture flow during Summer 


During summer 1972, rainfall was near normal, and at 
sites where the water table exceeded 1 metre depth, matric suction 
heads increased with distance above the water table (Figure 28). 
Except for short periods at Site 3 these increases were consistently 
greater than elevation head differences so that hydraulic gradients 
indicated continual upward flow in the 1 to 2 metre zone immediat- 
ely above the water table from early June to late October. 
Suctions measured at 20 cm depth where salinity was low, using 
psychrometers (Figure 29) were mostly between 1 and 20 bars (3 and 


ipa on the log scale) except. at site 3. “At Site 3 observation 
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Figure 28. Matric suction heads obtained using tensiometers at 
various depths excluding the near-surface, at sites 
where depth to the water table exceeded 1 metre. 


£ aTI2 ,G09 





cm water) 





LOGig (MATRIC SUCTION HEAD 


MAY JUN JUL AUG SEP OCT JUN JUL AUG 
172 1973 
s————a Site2 4------- a Site3  -.-.---« Site4  «------- # SITET kes « Site 8 


Figure 29. Log matric suction heads at 20 cm depth obtained using 
psychrometers where salinity was small at sites where 
depth to the water table exceeded 1 metre. 
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using tensiometers at sites where the water table was 
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following storms suggested that the lesser suctions there may have 
resulted from additional moisture flowing from higher ground within 
the Ah horizon or along the ground surface. However a faulty 
psychrometer cannot be ruled out, since unlike the tensiometers, 
psychrometers were installed without duplication. Hydraulic 
gradients were not consistent during the very wet summer of 1973 
and at most sites moisture infiltrations appeared to reach the 
water table following heavy rain in mid June and again in mid 
August. Site 5 where the soil is Black Solonetz, may have been an 
exception, and at Site 7 tensiometer failure resulted in lack of 
information (Figure 28). 

AW Sates WAG @andso fithel water *tablelie sufficiently 
close to the ground surface to maintain matric suctions within 
tensiometer range throughout summer. Except for brief periods, 
matric suction heads were greater at 20 cm depth than at 50 cm 
depth by amounts which exceeded the 30 cm elevation head 
difference (Figures30)i, uso. thatithydravlie gradients indicated 
almost continual upward flow. 

The results suggest that flow is normally upward above 
the water table during summer except following very prolonged 
rainfalls. The particularly large suctions at 20 cm depth in the 
Brack Solonetz soils at Sites 7 and ®@ during 1972, suggest that 
there may be long periods during which little moisture penetrates 
below the surface horizon in such soils. 

Quantitative estimates of moisture movement between 
different depths which could be related to the very small rates 


of recharge and discharge would require knowledge of hydraulic 
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conductivity-suction relationships of an accuracy greater than 
could be derived from determined pressure plate moisture-suction 
relationships using the method of Marshall (1958). The twice 
monthly neutron probe determinations also cannot provide direct 
moisture information of much quantitative value during summer, 
particularly without detailed information on rainfall and evapo- 
transpiration at each site. Correlation between moisture suctions 
obtained in situ and those derived from neutron probe moisture 
contents using pressure plate relationships gave a coefficient 
teleotftonlyhorve3efonri50 values. Sample variation is involved 
in both direct tension measurements and in obtaining cores for 
the pressure plate while additional error results from core 
disturbance, and the neutron probe's Sphere of Influence inter- 
secting layers outside those of interest. Further treatment of 


readings obtained during the summer is therefore not warranted. 


Moisture changes during Winter 


The effect of upward moisture movement has already been 
mentioned in connection with its effect on water tables close to 
the ground surface (see p.95). The neutron probe normally gives 
little useful information over winter where the water table is 
very close to the surface, as at Sites 1, 6 and 9, because 
measurements in the region of interest involve intersection of 
the ground surface and snow cover by the instrument's Sphere of 
Influence. It is also difficult to ascribe moisture increases 


to a particular source, since movements into the ground can occur 
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from above, particularly in the vapour phase when air temperatures 
exceed ground temperatures (Longley 1967). At other sites the 
period between late October and late February was chosen to 
evaluate whether significant upward moisture movements occurred 
(Figure 31), because there was little thawing in the two winters 
of study during this period, while day-time thawing started in 
early March. 

Large increases in moisture above the water table 
occurred in both winters only at Site 2. At Site 3, an increase 
appears to have occurred in the first winter, but not in the 
second. Possibly the high initial moisture level just above the 
water table is the reason for lack of additional moisture increase 
in the second winter. At Sites 5 and 7 neutron probe information 
was limited in depth by the water level in the access tubes, and 
moisture increases close to the ground surface which occurred at 
Site 5 in the first winter and at Site 7 in the second winter 
could have been caused by moisture movements into the ground from 
above. Information on the water table at these two sites is 
lacking because of freezing. At Sites 4: and 8, where the water 
table, at around 3 metres below the surface, was relatively deep, 
moisture changes over winter appear small. Slight moisture 
increases between 50 cm and 100 cm depth at Site 4 are of an order 
that could easily be ascribed to experimental error, particularly 
since low temperatures sometimes affected readings in winter. 

Moisture movements from above do not appear to be the 
cause of most of the moisture increase above the water table at 


Site 2, since in the second winter little accompanying increase 
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occurred close to the ground surface. A feature distinguishing 
this site from the others is the highly permeable loamy sand 
which forms a discontinuity at about 100 cm beneath the ground 
surface (see Plate 7) and it is within this layer or just above 
it that moisture increases to a level much greater than would be 
likely under unfrozen conditions, presumably by the mechanism of 
upward migration towards growing ice surfaces (Hoekstra 1966) 
discussed in Results section IV. In the first winter, the moisture 
gain above the water table was calculated as 8.7 cm water, while 
the moisture loss below the initial water table, as a result of 
waterstablesdecline. was ,16.0. cm water. In the second winter the 
gain was 6.9 cm and the loss below 13.2 cm. Moisture losses 
resulting from a fall in water table, therefore more than account 
for any increase above. 

Upward moisture movements, measurable under conditions 
of high permeability, must presumably occur to a lesser extent 
where the permeability is lower. The increase in moisture at 
around 100 cm below the surface at Site 4, though perhaps not 
Significant, coincided approximately with the zone of salt 
accumulation, and it is possible that upward moisture movements 
into the frost zone, which are probably largely in the liquid 
phase, (Jumikis, 1962, Cary 1965, Hoekstra 1966), could be a 


mechanism for transfer of salts. 


Moisture changes during Spring 


In spite of soil temperatures below O°C during the thaw 
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period, much water from melting snow appears to enter the ground 
(Figure 32). Total amounts entering the ground calculated from 
neutron probe and water table information (Table 11) are however 
only approximate. Observation suggests that when the snow melts, 
the thawed soil surface is close to saturation, and this moist 
layer must influence readings at greater depth due to its inter- 
ception by the instrument's Sphere of Influence. Moisture increases 
calculated from water table rise are based on the assumption that 
the moisture content below the measured water table is at satura- 
tion and that this is equal to the determined porosity. Determin- 
ations of soil water increase are therefore most accurate where 
the water table is low, where a large depth range is involved in 
moisture readings and where little change in the level of the water 
table occurs. In spite of limitations, comparison of moisture 
increases over the thaw period with calculated amounts of water 
available (Table 11), where the water table was more than one metre 
beneath the surface, suggests that, on average, a relatively high 
proportion of the meltwater entered the soil. Smaller moisture 
increases at Sites 5 and 7 than at Br ee sites in 1973 are probably 
due to fairly high water tables and relatively impervious Bnt 
horizons. At Site 2 water in the underlying sandy material origin- 
ating from the nearby slough, is probably the cause of an excess of 
moisture increase over that available in 1973. 

In general, the data suggest that spring snow meltwater 
is important in replenishing soil moisture, and in some years it 
may be the only time of the year during which a downward flow 


gradient exists between soil surface and the water table. 
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le 11. Soil water increase from infiltration and water table 
rise compared with water available from melting and 
precipitation during the thaw period at six sites where 
the depth to the water table exceeded one metre. 
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Water in snow at the beginning of the thaw period (March 11, 
1972 and March 13, 1973) plus precipitation between then and 
the wena of the thaw period (April 26, 1972 and April 10, 1973) 
minus evaporation. Water in snow was based on depth measure- 
ments at each site and one overall density mean of ten 
measurements. Precipitation was the mean of that at Vegreville, 
Ranfurly and Warwick. Evaporation estimates (0.9 cm in 1972, 
0.8 cm in 1973) were based on the Penman equation (Penman 1948) 
using sunshine, wind, temperature and humidity at surrounding 
stations, radiation tables of Brunt (1934) and an assumed 
value for albedo of 0.75 for continuous snow cover and 0.50 

for the last 16 days of the thaw period. 
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VI - SOILS AND THEIR RELATIONSHIP TO GROUNDWATER CHARACTERISTICS 
Upper _ soil study area 


The dominant soil in this area is Eluviated Black 
Chernozem (Figure 33), while smaller areas of Humic Eluviated 
Gleysol occur around topographic depressions. Orthic Humic 
Gleysols are largely confined to land covered by water for periods 
each year. At Site 1, where the water table varied from above the 
surface to about 1m below the surface, and near surface ground- 
water discharge was indicated, the soil is Orthic Humic Gleysol. 
With increase in depth of the water table at Site 2, and a change 
to groundwater recharge, the soil becomes Humic Eluviated Gleysol. 
At this site, the change in lithology, to sand beneath the solum 
(see Plate 7), appeared to be the reason, over winter and spring, 
for accumulation of moisture near the soil surface which must 
account for prominant mottling well above the recorded water table. 
Further up-slope at Site 3, where the water table is normally 
deeper and the recharge gradient stronger than at Site 2, a change 
to Eluviated Black Chernozem occurs. Although the water table at 
this site is close to the surface for short periods, mainly follow- 
ing snow melting, rapid dissipation of this water, together perhaps 
with low microbial activity in cool spring soil temperatures, 
presumably ensures that the water remains well oxygenated and 
Signiticant mottling is not initiated. 

Detectable salinity and gypsum are absent in these soils. 
Presumably, even at Site 1, where discharge originating from the 


slough is suggested, the deeper downward groundwater flow, of the 
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Oordersof O- 2 cm per year, ensures that salts are continually 
removed from circulation (Figure 27). Carbonates are absent from 
the top 1m or so of all three soils (Figure 34), presumably 
because of leaching in the case of Sites 2 and 3, but perhaps 
aided by accumulation of colluvium and washing out at Site 1 
where discharge, which prevails except when the site is under 


water, and the high water table should discourage leaching. 


Lower soil study area 


Soils change down the slope from Orthic Black Chernozem 
atosite 4, through a narrow strip of G5olodi¢c Black Chernozem “to 
dominantly Black Solonetz intersected by small bands of Alkaline 
Solonetz and Saline Carbonated Gleyed Regosol in seepages and 
drainageways (Figure 35). The rise in ground level to the west 
Of site 64s reilécted in a changed soil situation. Although 
Black Solonetz still predominates, small areas of shallow water 
evident following snow melting or summer rains, willow-ringed 
where undisturbed, give rise to islands of Gleyed Black Solonetz, 
also Orthic Humic Gleysols and occasionally Humic Eluviated 
Gleysols. Fairly large areas of Solodic Black Chernozem are also 
in evidence. <A fringe of white surface salts around the open water 
at Site 9 (see Plate 441)! i's ‘associated with’ a narrow band of Saline 
Black Solonetz soil, while closer to the water's edge this merges 
into Orthic Humic Gleysol. Because sites in the lower study area 
are spread over a considerable distance and therefore affected by 


groundwater characteristics which differ considerably, each site 
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is discussed individually below. 


Site 4 


All evidence suggests groundwater discharge at this site, 
and the soil, although Orthic Black Chernozem, is close to the 
boundary with soils showing solonetzic features. Effects of dis- 
charge on the soil are evident in the content of soluble salts, 
dominantly magnesium, which have accumulated together with gypsum 
at the position of maximum carbonate content in the top of the C 
hors zon rigure 30). “lhe electrical conductivity of the satuma- 


tion extract at this position was 4.5 mmhos/cm. Salt contents are 


low in both A and B horizons and the Ca : Na ratio on the exchange 
complex of the B horizon ranges between 20 : 1 and 50 : 1 with 
calcium exceeding magnesium in the ratio 3 : 1. Several factors 


have probably combined to produce a Chernozemic soil rather than 

a solonetzic soil at this site. The most important of these is 
probably the content of sodium in the groundwater and the propor- 
tion of sodium relative to divalent ions, both of which, although 
high compared to waters in the upper study area, were much less 
than from sites at lower elevations (Figure 10). This is presumed 
ba she because of proximity of Site 4 to the theoretical '‘midline' 
and consequent shallow short groundwater flow paths. A fairly deep 
water table presumably discourages salts from accumulating higher 
in the profile where they would cause salinization of the B horizon. 
The lower bulk densities in this soil than at other sites, whether 
partially a consequence of a non-solonetz soil, or a cause of this 


condition, encourage a combination of rapid moisture infiltration 
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SouLum ULStribucions, in soil profiles of the Lower 


study area. 
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and deep rooting, both of which ensure a cycling of non-saline 
surface water in the upper soil horizons which also discourages 
upward migration of salts. Finally, the slope encourages a 
lateral flow of water through more permeable surface horizons 
(interflow) which should contribute to a gradual depletion of 
salts in the solum. Since the saturated hydraulic conductivity 
in the Ah horizon is more than 2000 times that of the till, the 
effects of interflow, particularly following snow melting when 
lower horizons are still below O°C, should not be underestimated 


as a mechanism of de-salinization. 


Site 5 


The highest content of sodium salt is in the lower B 
and upper C horizons closely coinciding with the position of 
maximum carbonate accumulation (Figure 36). Gypsum content is 
low in this soil. The highest saturation extract electrical 
conductivity, 8.1 mmhos/cm, was in the BC horizon but values of 
1.4 and 2.2 mmhos/cm occurred in the upper and lower portions of 
the Bnt horizon respectively. The high salt content close to the 
soil surface is presumably largely a consequence of a combination 
of discharge from a saline source of water ina sand lens 2m 
below the surface, and a water table which remains around 1 m 
below the surface all year round. In the process of formation of 
such a soil, a high water table, by limiting the depth of soil 
available for retention of infiltration water, slowing infiltration 
rates, and at the same time limiting rooting depth, thereby reduces 


the depth of soil available for cycling non-saline surface water. 
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A Bnt horizon, once formed, acts as a further barrier to moisture 
penetration as evidenced by very high matric suctions (calculated 
from psychrometer readings) at 20 cm depth, in spite of the high 
water table and low tensions below the Bnt, at 50 cm depth. The 
fact that the position of the sodium maximum is close to that of 
carbonate in the soil profile, if not slightly below it however 
suggests an increasing depth of influence of surface water, though 
this does not necessarily imply reduced discharge. It could 


anyway be a consequence of short term moisture flow variations. 


Site .6 


The Alkaline Solonetz soil with both carbonates and 
sodium salts present to the soil surface appears to have been 
affected by the following factors in its formation. First, 
discharging groundwaters bring considerable salts upwards as 
evidenced bysalifarriythighewater i) salinitye (Pigune? 10) t)oHowever 
the position of this site in a drainageway probably results in 
some dilution by surface water, as evidenced by a decline in soil 
Salt contentawithins20\cmhand) 14meof thessoilssurface: (Figure. 36). 
This is probably aided by a gravel layer, the IICskg horizon, 

70 cm below the surface, which if continuous may conduct the 
mixture of waters downstream along the drainageway. Much salinity 
however obviously reaches the soil surface as a result of evapo- 
transpiration above a very shallow water table when the drainageway 
is not flooded, but periodic incursions of surface water may be 
partly the cause, through alkaline hydrolysis and removal of 


sulphates, of high alkalinity in the upper 70 cm, though this may 
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be aided by biological sulphate reduction in the frequently water- 
logged soil surface where microbial activity should be greatest 


(Gotoh and Yamashita 1966, Daragan 1967). 


Site °7 


The soil eis tacB LackhSolonetz ¢see.Platen10)-;ubut alittle 
soluble salt is present in the Bnt horizon, the maximum of both 
salts and gypsum occurring below that of carbonates in the C 
horizon. The Bnt appeared to be physically tougher than in the 
other Black Solonetz soils, presumably reflecting the greater bulk 
Gensiiy of thas soil. ~the .Ca, »iMgqeneNa tratio yonythe exchange 
complex was, around 7,,:) 4: 1, throughout the ‘Bnt ,horizon; iso that 
although lacking free salts, and in spite of a pH ranging from 
5.4 at the top to 7.0 at the bottom, the horizon nevertheless 
makes the chemical definition of a Bnt. The soil suggests that 
a gradual leaching out of salts is in process, but although 
groundwater flow at depths greater than 4 m below the ground 
surface is undoubtedly downwards, and the position of the site 
near the summit of a slight rise suggests local recharge, upward 
flow from a source of water very high in sodium (Figures 23, 24) 
apparently occurs near the water table, at least temporarily 
during the summer months. Perhaps over the long term, recharge 
predominates or perhaps lateral flow moving above the water table 
towards lower ground, has been responsible for the depletion of 


salts in the upper soil horizons. 
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Site.d 


The Black Solonetz soil shows a large accumulation of 
sodium and magnesium salts in the BC horizon (Figure 36) where 
electrical conductivity of the saturation extract reached 10 mmhos/ 
cm. Appreciable amounts of salts also occur in the Bnt horizon 
as at Site 5, but unlike at that site, the maximum accumulation 
zone of soluble sodium and magnesium salts is above that of gypsum 
and carbonates suggesting upward movement of salts even though an 
Ae horizon extending into the top of the Bnt horizon (see Plate 10) 
suggests gradual breakdown of the Bnt from above. A consistent 
groundwater discharge pattern throughout the year provides an 
explanation for upward movement of salts. The water table however 
Pluceiates et similar depths to that. at Site 4 (Figure 37), where 
in spite of a similar consistent discharge pattern, the soil was 
an Orthic Black Chernozem. Groundwater discharge rates based on 
rough estimates of hydraulic conductivity (Figure 37) are not 
sufficiently different to provide evidence for the differences in 
soil and the main explanation probably lies with the ion content 
of the discharging water, since groundwater samples from the water 
table showed a content of sodium at Site 8, three times as great as 
at Site 4 while the ratio of sodium to divalent cations was 4.9 at 
Site 9 compated to only 0.7 at Site 4.. Less interflow from higher 
ground at Site 8 than at Site 4 where the slope is steeper, may 


have also contributed to soil differences between the two sites. 
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Figure 37. Schematic presentation of moisture flows influencing 
soil genesis, in relation to water table, hydraulic head 
and matric suction changes at Sites 4 and 8 during 
Summer 1972. 
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Site 9 


The Saline Solonetz soil at this site is extremely high 
ime satts (figure 36). The saturation extract electrical conduc- 
ivity of the Ah horizon was 24 mmhos/cm while the immediate 
surface crust was found to be still more saline. A low pH, 5.6 
in the Ah and 6.7 in the Bn horizon is presumably largely a 
result of salts being mainly sodium and magnesium sulphates, which 
have risen in the slowly discharging groundwaters from considerable 
depth, but it may also be aided by oxidation of reduced salts, for 
oxidation-reduction potential measurement (see Appendix 16) showed 
that the bedrock 3 m below the surface was 'much reduced! while 
the water table, which is lower than at Site 6, allows oxidizing 
conditions to prevail near the soil surface. The water table is 
however sufficiently high to maintain a fairly moist condition 
at the soil surface which together with a high sodium content 
limits infiltration and encourages the movement of salts right to 
the surface where they become concentrated by evapo-transpiration. 
The permanent water in the adjacent depression supplements the 
discharge, but because this water is fairly saline, accumulating 
mainly through overland flow across a saline surface soil, it is 
much less effective in reducing salt concentrations than at Site 


6, but instead aids in flushing existing salts to the surface. 
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SUMMARY AND CONCLUSIONS 


The deeper groundwater flow is downward throughout the 
west slope which includes the soil study sites, but superimposed 
on this flow is a complex pattern of shallower flow systems 
which are greatly influenced by permeability contrasts both 
within the bedrock and surficial materials. In this area of 
normally low permeabilities, topographic depressions (sloughs) 
accumulate water mainly by Sheveana flow producing ‘groundwater 
mounds! within both recharge and discharge areas which act as a 
source of water for local discharge around depression fringes. 
Seasonal variations in potential are considerable within shallow 
flow systems, but it is difficult to draw conclusions regarding 
seasonal changes in flow direction because of reduction in 
amplitude of fluctuations with depth, lag, frost, and other 
effects. The main source of water for infiltration and recharge 
is melting snow in spring. During summer little water reaches 
the water table except following exceptionally prolonged rains 
and the vertical flow gradient above the water table is normally 
upward. An upward flow gradient continues through the winter and 
becomes enhanced by effects of frost, but except where permeabil- 
ities are high, and the water table is close enough to the surface 
to be penetrated by frost, amounts of moisture moved upward during 
winter are probably small. 

In the upper study area, the only discharge appears to 
originate from a slough, and is confined to its fringes, whereas 


beneath the area as a whole, a steady recharge takes place into 
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the bedrock and is presumably responsible for a low content of 
total dissolved solids and sodium as a proportion of cations in 
the groundwater. Soils reflect this situation showing no zones 
of salt or gypsum accumulation and range from Eluviated Black 
Chernozem through Humic Eluviated Gleysol to Orthic Humic Gleysol 
with increasing proximity of the water table to the ground surface. 
In the lower study area, vertical flow directions often 
show inconsistencies presumably because of the effect of high 
permeability lenses within the material of overall low permeabil- 
ity. Tensiometers and study of near surface lithology have how- 
ever helped in revealing the flow situation close to the water 
table in such cases. Groundwater discharge appears to predominate 
at all these sites, with the possible exception of one situated on 
a slight rise in the ground close to small willow-ringed tempor- 
arily water-filled depressions. Salinity of the groundwater is 
much greater than in the upper study area, the concentration of 
salts being greatest in topographic depressions where discharge 
of deep origin occurs and to the west of one such depression where 
it is presumably transported by strong lateral flow within more 
permeable layers. Soils at all the sites in the lower study area 
show salt and gypsum accumulation at some distance above the water 
table though not all are solonetzic. Alkaline Solonetz, Saline 
Carbonated Gleyed Reoosel and Saline Black Solonetz soils occur 
where the water table is usually within O.5 metres of the surface 
and discharging groundwaters are very saline. Black Solonetz 
soils predominate where discharge still occurs, but the water 


table is at least O.5 metres beneath the surface. With a water 
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table averaging 2 metres or more beneath the surface the zone of 
salt accumulation is sufficiently deep that occasionally soils 

of the Chernozemic order occur in spite of groundwater discharge. 
In such cases, a low sodium to calcium ratio in the discharging 
groundwater may discourage formation of a Solonetzic B horizon. 

A lack of salinity in the A and B horizons is then presumably 
partially maintained by a combination of high surface permeability 
and deep rooting which together encourage cycling of surface water, 
while lateral flow through the more permeable near-surface horizons 
encouraged by slope, is probably also an important de-salinization 
mechanism. Effects of such lateral flow should not be under- 
estimated since the saturated hydraulic conductivities of Ah and 
Ap horizons is several thousand times as great as the underlying 
till and bedrock. 

While piezometers alone are useful in providing inform- 
ation on groundwater flow over the broader area, the addition of 
tensiometers is neccessary in order to accurately define the water 
table position and to characterise the shallow flow situation 
relating to soil genesis at individual sites. This is particularly 
so where underlying materials are of very variable permeability. 
Most information is probably obtained where sites are in close 
proximity, but on different soils, so that unknown influences are 


minimized and flow conditions can be closely defined. 
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Plate 1. Plant community surrounding a water-filled depression 


showing features of salinity and groundwater discharge. 


Red Samphire (Salicornia rubra L.) is prominent in the 
foreground. 


Sor 


om fii tee an site fears: Le 


tobeesagel bat tite daw A orbba 

‘ait 7 Senet 
op ative ib To ovbouamg Baa cen 
SM) ih the eimoig ee adit 





169 








Plate 2. Landscape features of the Upper soil study area. 
Sitecud. (2 andwma(L. toeRs) are arrowed. 








View towards the west from Nest III (installed as part 


Plate 3. 
of Leskiw's (1971) study) towards the Vermilion River. 
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Platest.sctteso flooded 
during spring 
thaw. 











Plate 5. View from near Site 7, eastwards towards Sites 6, 5a and 
5) iGarreowed lL. to R.)i 
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Plate 6. Willow-ringed depression in late winter with drifted snow 
(above) in contrast to the same depression in spring (below). 
Site 7a is seen to the left of the depression. 
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Eluviated Gleysol profile at 


and Humic 


Gleysol profile at Site 1 (left) 
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Plate 11. Saline Black Solonetz soil profile at Site 9 (above) and 
location (below). 
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Appendix 1. 


Soil and lithological descriptions at the nine study 


sites. 
Site 1 
DESCRIPTION OF SOIL 

Classification. Orthic Humic Gleysol Elevation 675 m 
Parent material. Colluvium from Till Slope 1% 

Drainage Class. Poorly drained Aspect NE 
Vegetation. Common plantain Plantago Water table 0.3 to 1.5m 

major 


Vocation. 


Horizon, 


Depth 


Ah 
O- 10 


Bmg1i 
10- 22 


Bmg2 
22-65 


BCg 
65-86 


Ckg 
86 cm+ 


cm 


cm 


cm 


cm 


Tartary buckwheat, 
Fagopyron tartaricum 


Toad rush, Juncus bufonis 
Water sedge, Carex aquatilis 
NW 400-2 50ers 


Edge of water-filled depression. 


Description 


Very dark gray (10YR3/im) sandy loam; moderate 
medium subangular blocky structure; friable; 
abundant fine roots and pores; clear smooth 
boundary: O-12 em thick. pH a5.17. 


Dark gray (10YR4/1im) loam; common fine prominant 
yellowish red (5YR4/6m) mottles; weak fine and 
medium prismatic breaking to weak platy structure; 
friable; plentiful fine roots; common medium and 
fine pores; clear smooth boundary; 12-16 cm thick; 
jols! 7 oOo 


Light bluish gray (5BY7/1m) clay loam; common fine 
prominant strong brown (7.5YR5/8m) mottles; weak 
medium subangular blocky structure; very sticky; 

few very fine roots; common very fine pores; diffuse 
irregular boundary; 41-45 cm thick; pH 7.5. 


Light gray (5Y6/im) clay loam, common fine prominant 
yellowish brown (10YR5/8) mottles; amorphous; 
sticky; few stones; clear wavy boundary; 19-23 cm 
thick. ple]. /« 


Very dark grayish brown (10YR3/2m) variably textured, 
mainly loam; amorphous; friable to firm; few stones; 
calcareous; pH 7.8. 
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DESCRIPTION OF LITHOLOGY 


Depth Description 
OO. 0 eee) 2. 5) m Light brownish grey till; very few pebbles. 
Ce = ew ea Brownish grey slightly silty sand. 


Cok ow dil. 9. 1 Dark grey till; very few pebbles. 


11.9 - 12.2 m+ Shaly sandstone bedrock. 
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Classification. 
Parent material 


Drainage class. 
Vegetation. 


Wocac Lol. 


Horizon, 


Depth 

Ap 

O- 9 cm 
Aeg 

Oar e in 
Btg 

13— 42 cm 
BCg 
42. GO cm 
IICg 
80 cm+ 


Sven. 


DESCRIPTION OF SOIL 


Humic Eluviated Gleysol. Elevation 676 m 


- Till with lenses of water Slope 5% 
sorted material Aspect NE 
Imperfectly drained Water table 1.2 to 3.0m 


Alfalfa, Medicago sativa 
Brome grass, Bromus inermis 
NW eG -) Sou 13s Gi 

20 m SW of Site 1. 


Description 


Very dark grayish brown (10YR3/2m), dark gray 
(10YR4/id) sandy loam; few fine distinct dark 
yellowish brown (10YR3/4md) mottles; moderate 
medium subangular blocky structure; friable; 
abundant fine roots and pores; abrupt wavy 
boundary; sc-107cm) thick: pH) 6.3. 


Dark grayish brown (10YR4/2m), light gray (10YR6/1d) 
sandy loam; many fine and medium distinct yellowish 


brown (10YR5/6md) mottles; weak platy structure; 
friable; plentiful fine and very fine roots; 
abundant very fine pores; clear wavy boundary; 
Je eacimt nick epi, O..0. 


Light olive gray (5Y6/2m) loam; many fine and 
medium prominant yellowish red (5YR4/2m) mottles, 
weak medium prismatic breaking to moderate medium 
subangular blocky structure; few very fine roots; 
abundant fine and very fine pores; diffuse smooth 
boundary; 25-33 cm thick; pH 5.5. 


Dark grayish brown (2.5Y4/2m) loam; common medium 
and coarse distinct yellowish brown (10YR5/4m) 


mottles; weak coarse prismatic breaking to moderate 


medium subangular blocky structure; friable to 
firm; very few fine roots; common fine and very 
fine pores; few stones; 34-42 cm thick; abrupt 
smooth boundary; pH 6.4. 


Light yellowish brown (2.5Y6/4m), with light gray 
(2.5Y7/2m) bands and along root channels, bedded 
loamy sand; structureless; loose; non-calcareous; 
Dili aaOr 


180 


oT) <9)1 





‘ ana 
% Oo YOTTALNIE RT 
7" rs leavelD S4S7htvula orev 
, w te aeeenal dircw ee. aa 
4 fe ixrayse@ bev '1oe 
Mecrea3b vigTtourt sqm 
avitvae nag LbmaM .ptTiestita 
ri > asians ‘a- = i> tv PAG iG 
ie > - tr « t2 a - Wu 
= ec m@ Of 
yo! jie j LLva3G A1A0 1% 
ty (Hr \ Oosryt { 
f 4 { wt Vv 
id A Llupmiscu qi Tt 
‘ oc mii pnabmudesr 
‘ yrs onuod 
2 x5uaG 
’ ur? ni yy i vonsee 
2 >the "RYO! _tiwe 
LZ ,9iUSila 
: nmabruda 
, , ;* é j . ! 
' y o aVvgligo IHQia 
be" } : ) an [imo tS mu ibe 
x ' : Fs nu i1bem 7ASBOwW 
at 3 LUonacie 
} ti3 Jasbaudi 
: aid 7 nonmie 
» J o ia i f te 4 au 
: Lim, oijeib sats0oo bas 
red nm i% mm a 1slll’oe 
ipneld ie lugnsdve mulLbom 
Da i" ‘ tooy rma waz YoY merit 
’ ' ateey Je voi ,;#s"0q onit 
iD. ty iAlbviwod dlooss 
iw me VO ¥at . & imwesd Auiwol lay toigad 
‘cuisd>s leo’ poeta bra abaed (ae\,¥er.e/ 


moui 3 PGleiuvtizexu3je ;base yvyoool 


0.5 Ua 


-toitesitiaasi 
[aiustam Inetad 


easlo oganiad 
«nalts tegey 


-nmoetiavoJ 


, fox lon 


AHaged 


cA 
mo ¢ -O 


m.> f - 
era 
-@o SH ff 


ms 


pI 
m2 o8 





181 


DESCRIPTION OF LITHOLOGY 


Depth Description 
cc eer 0.0m Brownish grey silty sand; some small pebbles. 


GiOn t324em.).SHale bedrock. 


(OOLOHTIA BO VorTTaingcead 


iq¢iaseod 
tiae Yilie yYeato detowe ms 


Adeibed sladeé 


m 0.8 


a #.£f 


djqed 
- 8.0 


ag 0.8 





Glassiileatton. 


Drainage class. 
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Site 3 


DESCRIPTION OF SOIL 


Eluviated Black Chernozem Elevation 679 m 


Parent material. Till Slope 5% 
Well drained Aspect NE 
Alfalfa, Medicago sativa Water table 0.6 to 3.7m 


Vegetation. 


Location. 


cm 


cm 


cm 


cm 


Horizon, 
Depth 
Ap 

O- 20 
Ahe 
20—2 725 
Bt 

£5) 66 
BC 
68-100 
Ck 


100 cm+ 


Brome grass, Bromus inermis 
NW Oe 9 el ey Oe 
65 ih SW of Site 2. 


Description 


Very dark grayish brown (10YR3/2m), grayish brown 
(10YR5/2d) loam; moderate coarse subangular blocky 
breaking to moderate fine subangular blocky 
structure; friable; abundant fine and very fine 
roots; many fine pores; clear smooth boundary; 
18-21 cm thick; pH 6.4. 


Very dark brown (10YR4/2m), pale brown (10YR6/3d) 
loam; weak medium prismatic breaking to moderate 
fine granular structure; friable; plentiful very 
fine roots; many very fine pores; gradual smooth 
boundary; 24-51 em thick.  pleow:. 


Yellowish brown (10YR5/4m), with grayish brown 
(2.5Y¥5/2m) ped coatings and dark grayish brown 
(2.5Y4/2m) ped interiors, clay loam; moderate 
medium prismatic breaking to moderate medium 
subangular blocky structure; friable; plentiful 
very fine roots; many fine and very fine pores; 
diffuse smooth boundary; 24-28 cm thick; pH 6.0. 


Grayish brown (2.5Y5/2m) loam; weak coarse prismatic; 
breaking to weak medium subangular blocky structure; 
friable; few very fine roots; common fine pores; 
diffuse smooth boundary; 30-34 cm thick; pH 5.7. 


Grayish brown (2.5Y5/2m) loam till; fragmented; 
friable to firm; some stones; calcareous; pH 7.1. 
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DESCRIPTION OF LITHOLOGY 
Description 
Brownish gray till. 
Dank tgrayi rude). 
Silt; a few pebbles. 


Bluish gray reworked shale bedrock containing a 
few pebbles. 
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Site & 


DESCRIPTION OF SOIL 


Classification. Orthic Black Chernozenm. Elevation 647 m 
Parencamateriale fi hi Slope 2% 
Drainage class. Well drained Aspect W 
Vegetation. Brome grass, Bromus Water table 1.8 to 2.7m 


iO CatHotll. 


Horizon, 


Depth 

Ap 

O= 18. cm 
Ah 

18—" 36 cm 
Btj 
26-60" em 
Ccasa 

60= 85 cm 
Csk 

85 cm+ 
Depth 


Chee 4. O Tat 


inermis 
Crested wheatgrass, 
Agropyron cristatum 
Well fertilized pasture. 
Bee lh ed ores 
Upper member of lower sequence. 


Description 


Black (10YR2/1m), dark gray (10YR4/1d) loam; 
moderate fine granular structure; friable 
abundant fine roots; many fine pores; abrupt 
smooth boundary; 17-19 cm thick; pH 6.1. 


Very dark brown (10YR2/2m), grayish brown (10YR5/2d) 
loam; weak coarse prismatic breaking to fine and 
medium subangular blocky structure; friable; 
plentiful very fine roots; many fine pores; clear 
smooth boundary; 16-20 cm thick; pH 6.1. 


Dark yellowish brown (10YR3/4m) loam; moderate 
medium prismatic breaking to moderate fine and 
medium subangular blocky; firm; few very fine 
roots; common fine and very fine pores; gradual 
wavy boundary; 21-26 cm thick. pH. 7.1. 


Light olive brown (2.5Y5/4m) loam; fragmented; firm; 
stones; gradual wavy boundary; 20-30 cm thick; 


stones; calcareous; pH 8.0. 


Yellowish brown (10YR5/4m) loam till; fragmented; 
firm; stones; calcareous; pH 7.8. 


DESCRIPTION OF LITHOLOGY 
Description 


Brownish grey till; very few pebbles. 
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Depth Description 
Me Cie f= 1 Grey, very sandy till. 


7-3 - 15.0 m+ Interbedded shaly sandstone and shale bedrock. 
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Classification. 
Parent material. Till 
Drainage class. 


Vegetation. 


BocacLon. 


Horizon, 


Depth 


Ap 
O- 17 cm 


Bnt jk 
17- 33 cm 


BCcasa 


33- 290 cm 


Csk 
50 cm+ 


Depth 


O65. =. 4.3 
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DESCRIPTION OF SOIL 


Black Solonetz Elevation 640 m 
Slope 3% 
Moderately well drained Aspect W 


Brome grass, Bromus 
inermis 
Crested wheatgrass, 
Agropyron cristatum 
Well fertilized pasture. 
Nivea ee pd oe 
25 cums Wi ot=Site 4. 


Water table 1.1 to 1.5m 


Description 


Black (10YR2/1m), gray (10YR5/2d) sandy loam; 
moderate fine and medium subangular blocky structure; 
friable; abundant fine and very fine roots; many 
fine pores; abrupt smooth boundary; 16-18 cm thick; 
pH 5.7. 


Very dark gray (7.5YR3/im) ped surfaces, with dark 
yellowish brown (10YR4/4m) ped interiors, clay 

loam; strong coarse columnar breaking to strong fine 
and medium blocky structure; very firm; very few 
roots; few pores; clear smooth boundary; 15-18 cm 
thick aephe7.c. 


Dark grayish brown (2.5Y4/2m) clay loam; common 
medium distinct pale yellow (2.5Y7/4m) salt pre- 
cipitates; moderate coarse columnar structure to 
amorphous; very firm; very few roots; few pores; 
abrupt smooth boundary; 16-18 cm thick; pH 8.3 


Yellowish brown (10YR5/4m) to dark brown (10YR4/1m) 


loam till; amorphous; very firm; stones; 
calcareous; pH 8.2 


DESCRIPTION OF LITHOLOGY 
Description 


Brownish gray, becoming gray below, till containing 
layers of sand. 
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Depth Description 


eo 3 - 13.7 m+ Interbedded shaly sandstone and shale bedrock, 
with a hard layer at 105 m depth. 
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Clascitpcatven. 
Parent material 


Drainage class. 
Vegetation. 


Location. 


Horizon, 


Depth 


Ahsk 
Re FS Kern 


Bnsakg 
Ws Tas 


Ccasg 
Laas. cm 


Cskg 
22- 70 cm 


Ticsk 


7O cm+ 


Depth 


One el Oi 


Site 6 


DESCRIPTION OF SOIL 


Carbonated Gleyed Alkaline Elevation 638 m 
Solonetz Slope Flat 

oo Tait Aspect None 
Poorly drained Water table Oto 0.6 in 


Nuttals salt meadow grass 
Puccinellia nuttaliana 

Red Samphire, Salicornia rubra 

NEG eel 18 5S ete 4 

100 m NW of Site 5 


Description 


Very dark grayish brown (10YR3/2m) loam; moderate 
fine and medium granular and subangular blocky 
structure; friable; abundant fine roots; many fine 
pores; abrupt smooth boundary; 3-5 cm thick; pH 7.8. 


Dark gray (2.5Y5/2m) sandy clay loam; common coarse 
faint light brownish gray (2.5Y6/2m) mottles within 
peds; moderate medium columnar structure; firm; 
plentiful very fine roots; common fine pores; 
gradual wavy boundary; 5-14 cm thick; pH 9.2. 


Light brownish gray (5Y6/2m) loam; common medium 
distinct yellowish brown (10YR6/2m) mottles; 
fragmented; few roots and pores; stones; clear 
smooth boundary; 6-13) cm thick; pH 9.5. 


Gray (5Y6/1m) sandy loam; many coarse prominant 
yellowish brown (10YR5/8m) mottles; amorphous; very 
few roots and pores; stones; abrupt smooth boundary; 
calcareous; pH 9.2. 

Black (10YR2/1m) gravelly sandy loam; few medium 


prominant dark reddish brown (5YR3/4m) mottles; 
Loose; 30% stones; non-calcareous; pH 6.1. 


DESCRIPTION OF LITHOLOGY 
Description 


Brown and bluish grey till containing gravel layers. 


188 


2196 %O AOTPAINOeAT 





m BFA wobtavsie soi twAla boyel® betanodtsD -toktsoitiousl? 


pe | aqo lz syenoid’ 
enoV boomed fi1it .lettetem tnausd 
@ 8.0 of 0 widet t8teW bovis ts «iroel .eesio spanked. 
eastg wobseom tine alsassur anoliategey, 
anette ius nifieniooud 
sidut aloaog. les , otidgned bal 
7 J:. M = C2 ~ RES oe -toitsool 


2 »ti2 to WA @ OOF 


¢' 


-itow is 
noiigi towed 


\daneébom ;asol (me&\fA1OL) awoxd daivatp a1eb yae¥ 


yHoolid valuaredve bua aeivnnig esibem base enkt ap * <0 
nit vim :ajoow efi Pnabandn ;sidsivt pasvtowise 
8.5 Mq :adoid?s wo -C ;yaeSaved doom tquidsa ;asa'teg 
$2 tAOS ono : asol va io vhnse (ms. \e fe . =) vate aad 
nid?iw eel? ta: mS \O72.2).vaxg dataworud tdpil Jaist mo St 


saver ik ;eUNIOM TF) tef@mulos mulbom otstsbem ;eboq 
me tO@’ Onrt commen ;e0oO% AHL TeV iut Ftasiq 
&.0 Hq ;aAsids mo Of-?@ pewebowed ¥y¥aew Levba2g 
nokbem meammoso “steno. im oY?) ate teinword tdgid 
suiltrom (mo \O8YOt) awouwd deiwaltey donitald ao S& +52 
i~eld j;eestolea j|satoq hua satioort wet ;betdnompatt 
.c.0 Ha ;aDLaY wo (1-8 pyrebayved dicom 


iianimoxrd eeia02 Ynem ;ae0l ybirtaa (mt \aye ) ya10 ; 
¢1s¥ ;auvontg oan peolslom (mB 2 ator} nwotd daiwolisy m2 oy -Ssé 


;Qipbawod dtuoma tquida ;sencJa »eedoq baa e003 wat 
.&.@ He sevoetsslso 


aviben wet ;aecl yvyhasea vilevaip (mk \SHYOr) asaig 


:walttom (mA\! 8¥?) aword detbber Areb Inenimoug 
-t.0 Hq ;a¥eeuxs9lao-nen ¢eenote @O0t j;onool 


YAOQIGHTId FO VOLTALAeaa 
nebiginesed 


- .@ee¥e! leveie peahiantnes 172) 919 tenwid doa twork 
> : ° s ; 


7 


189 


Depth Description 


teoee lt. m Interbedded shaly sandstone and shale bedrock. 
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Classification. 


Drainage class. 
Vegetation. 


Location. 


Horizon, 


Depth 


Ap 
O=) 12 


12- 14 


Bnt1 
TES Ue 


Bnt2 
oho 51 


Cca sa 


Si Ae) 


Cksa 
75 cm+ 


cm 


cm 


cm 


cm 


cm 


Site 7 


DESCRIPTION OF SOIL 


Black Solonetz 
Parent material. Till 


Moderately well drained 


Brome grass, Bromus 
inermis 


Foxtail, Hordeum jubatum 


NE - 


1-53 


aie 


123 m NW of Site 6 


be 


Description 


Elevation 
Slope 
Aspect 
Water table 


639 m 


Variable 
Ono bom. 5m 


Very dark gray (10YR3/im), gray (10YR5/1d) sandy 
loam; moderate fine granular structure; 


abundant very fine roots; 
smooth boundary; 


Very dark grayish brown (10YR4/2m) , 


many fine pores; 
11-13 cm thick; 


pH 5.0. 


friable; 
abrupt 


light brownish 


gray (10YR6/1d) loam; moderate platy structure; 


friable; 
fine pores; 


pHe>.0- 


plentiful very fine roots; 
clear irregular boundary; 


common very 
1-4 cm thick; 


Dark brown (7.5YR3/2m) ped surfaces, with dark 


yellowish brown (10YR4/4m) ped interiors, clay 
strong medium columnar structure; 
gradual smooth boundary; 


loam; 


very few roots; 
G-14 cumthicks pHe>.4. 


few pores; 


very TLirms 


Very dark grayish brown (10YR3/2m) ped surfaces, 
with dark yellowish brown (10YR4/4m) ped interiors, 


clay loam grading to loam below; 
columnar structure; 


pores; 


very firm; 


clear smooth boundary; 


strong coarse 
very few roots; 
22-31 cm thick; 


few 
pH.6.6 


Olive brown (2.5Y4/4m) loam; many medium distinct 
light gray (2.5Y7/2m) carbonate and salt precipi- 


tates; 
stones; 
thick; 


amorphous; 
calcareous; 


pH 7.9. 


very firm; 
gradual wavy boundary; 


roots and pores absent; 
19-20 cm 


Olive brown (2.5Y4/4m) loam till; common medium 
distinct pale yellow (2.5Y7/4m) salt precipitates; 


amorphous; 


very firm; 


stones; 


calcareous; 


pH 7.9. 
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DESCRIPTION OF LITHOLOGY 


Description 


Brownish gray till 


Interbedded shaly sandstone and shale bedrock, 


with shale predominant; carbonaceous layer at 
4.5 m depth. 
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Site 8 


DESCRIPTION OF SOIL 


Classification. Black Solonetz Elevation 636 m 
Parent material. Till Slope 1% 
Drainage class. Well drained Aspect W 
Vegetation. Brome grass, Bromus Water table 1.8 to 3.0m 
inermis 
Foxtail, Hordeum jubatum 
Locatzon. NW} 11 2 53. 4% 7% 


Horizon, 


Depth 
Ap 
O=meLe, 
Ah 
12-16 
Ae 

16—= 223 
Bnt 
23— 40 
BCsa 
4O- 57 
Ccas 


cm 


cm 


cm 


cm 


cm 


379 m NW of Site 7 


Description 


Very dark gray (10YR3/im) dark gray (10YR4/1d) 
loam; moderate fine and medium subangular blocky; 
friable; abundant fine and very fine roots; many 
fine pores; abrupt smooth boundary; 11-13 cm thick; 
joel Save 


Very dark gray (10YR3/1m), dark gray (10YR4/1d) 
loam; moderate medium columnar breaking to medium 
subangular blocky structure; friable; plentiful 
fine and very fine roots; many fine pores; clear 
broken boundary; O-7 cm thick; pH 5.6 


Grayish brown (10YR5/2m), light gray (10YR6/1d) loam; 
moderate medium columnar breaking to platy structure; 
friable; plentiful fine and very fine roots; many 
very fine pores; clear wavy boundary; 4-11 cm thick; 
jel 75 2kc 


Very dark gray (10YR3/1im) ped coatings, grayish 
brown (10YR5/2m) ped interiors, loam becoming clay 
loam below; strong coarse columnar structure; firm; 
few very fine roots; common very fine pores; 
gradual wavy boundary; 14-21 cm thick; pH 7.7. 


Gray (10YR5/1im) ped coatings, yellowish brown 
(10YR5/5m) ped interiors, clay loam; with few 
medium distinct white (10YR8/2) salt precipitates; 
moderate coarse columnar to amorphous; friable to 
firm; very few very fine roots; few fine pores; 
clear smooth boundary; 15-19 cm thick; pH 8.0. 


Yellowish brown (10YR5/4m) variously textured but 
predominantly loam till; many fine distinct white 
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(10YR8/2m) salt precipitates; 


fragmented; firm; 
stones; calcareous; pH 8.3. 


DESCRIPTION OF LITHOLOGY 


Depth Description 


OUG SSS 8253 m Brownish gray till. 


hod = 1420" -m 


Interbedded shaly brownish gray sandstone and 


shale bedrock with shale predominant. Hard 
layer at 6.1 m depth. 
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Site 9 


DESCRIPTION OF SOIL 


Classification. Saline Black Solonetz Elevation 633 m 
Parent material. Till and Bedrock Slope 1% 
Drainage class. Poorly drained Aspect W 
Vegetation. Foxtail, Hordeum jubatum Water table O to 0.6 m 


Nuttals salt meadow grass 
Puccinellia nuttalliana 
Red Samphire, Salicornia rubra 
Location. NWee tee So. Pie 
Lowest member of lower sequence and 
adjacent to water-filled depression. 


Horizon, 

Depth Description 

Ahsa Black (2.5YR2/1m) loam; thin white (10YR9/1id) layer 

O- 13 cm of salt at soil surface; weak medium subangular 
blocky breaking to fine granular structure; friable; 
abundant fine and very fine roots; many fine pores; 
abrupt smooth boundary; 12-14 cm thick; highly 
saline; calcareous only at soil surface; pH 5.6, 
but pH 7.2 in surface $3 cm. 

Bn sa Dark grayish brown (10YR4/2m) ped surfaces becoming 

13-25 cm very dark brown (10YR2/2m) below, very dark grayish 
brown ped interiors, loam; common fine distinct 
white (10YR8/1) salt precipitates; strong medium 
columnar structure; firm; few very fine roots; 
common very fine pores; clear wavy boundary; 11-14 
em thick. pH 6.7. 

BCsa Very dark grayish brown (10YR2.5/2m) clay loam; 

25— 929 ch Common coarse distinct light gray (2.5Y7/2m) salt 
precipitates; weak subangular blocky structure; 
friable; very few roots; few fine pores; clear 
smooth boundary; 3-6 cm thick; calcareous; pH 7.5. 

Csak Dark grayish brown (2.5Y5/6) clay loam; common fine 

29= 40° cm distinct light olive brown (2.5Y5/6m) mottles and 
common coarse prominant light gray (2.5Y7/2m) 
precipitates; fragmented; friable; roots and pores 
absent; stones; calcareous; clear smooth boundary; 
Soto cn thick ys plac sc 

Ccas Olive brown (2.5Y4/4m) loam; fragmented; friable; 


£0—= 83 cm clear wavy boundary; 38-48 cm thick; pH 8.3. 
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Description 


Bluish gray (5BY5/1im) sandy clay loam; common 
fine prominent yellowish brown (10YR5/8) mottles; 
amorphous; extremely hard; calcareous; partially 
weathered bedrock; pH 8.1. 


DESCRIPTION OF LITHOLOGY 
Description 


Bluish gray sandstone bedrock with a hard layer 
between 3.0 and 3.4 m. 


Shale containing hard bands at 5.8 m, 14.0 m and 
18.3 m depth and a carbonaceous layer at Scam 
depth. 
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Appendix 2. Particle size analysis of soil and underlying materials 


at the soil sites using the pipette method. Bracketed 
values are on a carbonate-free basis, otherwise 
carbonates were not excluded. (U=upper,L=lower ,M-middle) 








SITE HORIZON rex. PERCENTAGE oWITHIN INDICAMED SIZE FRACTION 
OR DEPTH TURE Sand Fractions in mm Total Silt Clay 
cm 2-0-1.0 1.0-0.5 0.5-0.25 0.25-0.10 0.10-0.05 sand 
1 Ah SL Ae 11.8 al ear? lst 10.4 61.2 28.1 Mela 7 
Bmg1(U) L 1.9 (i533 PAO) 20/41 10.1 A5 ott 36.3 18.3 
Bmg1(L) ib 1.6 are) 6.2 17.9 15/50 43.6 Gyles al 22.4 
Bmg2(U) L 0.9 3.4 4.9 14.2 10.7 34.1 a7 eT 28.2 
Bmg2(L) L 0.9 3.8 4.8 16.9 ale? 38.1 35.0 26.9 
BCg ie 0.8 3.9 4.5 17.5 wala ih SNeheal B5i10. 26.9 
Ckg L 1.9 Big G7, 7.9 10.9 40.6 32.9 26.4 
150 SL 1.5 10.5 US} 27.8 Wee 62.3 21.9 15.7 
200 SCL 1-6 8.9 1254 24.2 9.5 BBc7/ 23.6 20.6 
2 Ap SL 2.6 11.5 sola} 22.4 Ore 57-0 25.1 17.9 
Aeg SL pol 8.6 10.7 23.0 UAC) 54.4 2851 ili ke 
Btg(U) iy hoe Bie 5.6 Ona 44.0 4h .9 30.4 24.6 
Btg(L) L it 8} Ak 6.2 18.3 9.6 39.8 33.0 Pfae 
BCg(U) ibs 0.8 Bi5 5} 6.8 23.02 9.3 45.4 32.6 O20 
BCg(L) 1 ere Se7, 5.8 21.8 10.7 AS 2 29.2 2st 
IICg LS toe \Sieyt} 20.2 37.5 3.13 tio 16.6 5.9 
120 ee S e = S S = a E 
150 SL 0.1 Wee BiNolf 40.1 4.6 oon 14.5 12.0 
200 = = < S a a E = 
300 Ss i 26.3 S57 23.0 2.6 87.8 5.5 (a% 
3 Ap Lu 12 aS Sreiih 15.9 10.9 S02 40.4 EAS} 
Ahe(U) L 1.3 Diary, oe Bonet 12.1 An 36.9 20.9 
Ahe(L) L 0.9 3.6 5.5 20.9 Th G@) 41.9 34.7 B35 5) 
Bt(U) cy 0.8 4.3 Rav 14.3 10.3 35.4 36.2 28.3 
Bt(L) Cr 0.3 Bled 6.3 57) 9.7 37.0 32.0 31.0 
BC L 0.8 Bie) 3.8 18.5 Ua 41.0 34.6 24.4 
Ck it 0.8 Bis: tas 23e3 1007 44.6 30.0 25.5 
(44.5) (Creieiay) (24.5) 
120 CE Ow 269) Bid 18.6 laa 36.8 33.9 29.3 
150 is 1.9 9.3 9.2 Oitrect VOe 52.0 28.8 19.2 
200 ew 133 6.0 5.5 16.0 6 36.4 Sah 3} B63 
300 cir dae Sif 5.0 A1Git> 9.3 A otel Sylar! BOD 
hy Ap L 1.2 6.3 9.4 22.6 9.0 48.6 Qtek 24.1 
Ah(U) L 1.0 Foe) 736 Ash!) 8.8 47.9 29.2 22.9 
Ah(L) L 20) 7.8 9.6 23.2 7.4 50.0 29.8 20.3 
Btj(U) 1 to Hos} 9.8 21.4 8.8 48.5 28.0 23.5 
Bt j(M) SCL Bot Sint Clay) ZO, Uo 48.2 AGS} 26.5 
Btj(L) L 1.0 ied CSS 19.0 8.9 45.7 30.1 24.3 
Cca(U) 1G VAP 6.4 Ait 16.7 6.9 AVES 30.2 26.5 
(48.3) (Sire) (20.2) 
GeaL) L 1.0 WAT 8.9 19.7 nO) 44.3 28, 26.9 
(48.8) Cabo) G2Bied)) 
Ck SCL 0.7 9.9 10.0 22.9 Gert 49.6 26.2 24.2 
(52.1) (25.4) C22 no) 
150 SCL 2.0 est 9.6 Bina 8.4 ete 28.6 Pa Wee 
200 14 slats} 8.3 8.4 20.2 8.0 46.7 ayhoi5) 19.9 
300 jh 1.0 eS} 9.1 20.3 Tal 5A 49.0 34.0 16.9 
5 Ap SL 120 18.0 Thole: 19.3 10.7 56.4 29.2 14.4 
Bnt jk(U) CL 1.3 fe) 7-0 14.5 10.9 oe afoe see 
j oO. 6.0 6.4 A Sit 10.9 9. - A 
ree A i (36.9) (36.0) (27.1) 
55 5 6.3 14.5 10.5 38.8 31.5 S{oyR al 
TS ae a (36.7) (36.7) (26.7) 
De c MONS 7¢ 12.9 6.3 38.1 SMe stein y 
Seneca = ? a (36.8) (33.8) (29.4) 
ae 6.4 8.3 19.9 7.2 43.0 26.8 30.2 
as ea : (44.2) (2a) (23.0) 
ihe 6.2 8.0 20)e12 10.4 46.1 See 20.6 
Ba : we ang 8.3 19.6 10.8 47.8 32.6 19.7 
300 Sis 0.8 Gis | 6.1 24.9 13.2 52.3 SAGE 13.2 


(Continued) 
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SITE HORIZON THX. beeen COEONETEA GRE SGWer T HETEN TNEDEIVC (AGT ENDS SHIEZ IER REARCETEINO N 

OR DEPTH TURE Sand Fractions in mm Total Sis Clay 
cm 2.0-150 4,.0-0.5) O52 0-25-0410 O-10-0,05 sand 
6 Ahsk L 1.9 9.1 9.5 17.6 7.6 45.7 32.4 21.8 
Bnsakg(U) SL 2.8 alos 13a 2he3 Bed 62.0 O36 14.4 
Bnsakg(L) SCL 2.3 10.5 12.5 23103 8.2 56.8 22.7 20.5 
Ccasg 1B Zig Ss 9.0 9.7 18.0 74 46.4 DAK 20.9 
Csk SL ee 12.8 ney Sa! 34.9 Gicts| 73.8 15.4 10.8 
IICsk SL 6.4 18.8 10.4 12.6 4.0 52.2 Sala? Maya al 
120 = = = a 2 Ss 5 - 2 

150 (ie, 0.8 Ho} Rail Beil 5.7 23.28 43.2 33.6 
200 SiL Ord 0.5 0.4 ae) 18.0 232 55.0 Biden 
7 Ap SL Oven? 9.6 10.8 AO 11.4 51.6 B7et 14153 
Ae 1g Ory Welt: 8.2 MAG 9.4 43.4 BIST] 22.9 
Bnt1 CL 0.8 6.6 Aa 16.6 8.2 39.6 28.3 32.2 
Bnt2(U) SCL AaB Tats) 8.0 20—8 9.4 46.8 AIR 28.5 
Bnt2(L) L B58} 6.9 Bee 20.5 9.9 47.8 27.8 24.4 
Ccasa i Nee 6.2 8.0 20.1 10.4 45.9 29.8 24.2 
(50.4) (29.2) (20.4) 
Cksa 1 Nes) alls 8.3 20.9 MOBY 48.1 27.8 24.1 
(50.2) (29.5) (20.2) 
120 I) 1/5 7-9 Gates Pilosl SER) 49.3 30.6 20.1 
150 it, 0.6 est 32 20.6 adinG 48.4 PST 21.9 
200 iy, os VEE 8.9 19.8 ade 49.0 SKS dl 14.9 
300 CL dere eo 5.8 12.9 AdeO) 35.6 Bidsery, SORT 
8 Ap L 0.8 4.O 13h) Aaah nT 40.8 Ihe sl dBi 
Ah L 1.4 5.2 6.0 15.8 12.6 aed 43.8 aGyaal 
Ae ib, 0.8 5.5 he ADVE, 128 Bite 49.7 12.9 
Bnt(U) L Oud, Sor 4.8 9.0 10.5 28.7 45.5 Sai 
Bnt(L) CL Bes Whee: Tie daverd ORR SHeI5 3} 31.4 BORe 
BC sa(U) Sor 1153 6.6 9.5 18.9 9.8 46.1 25.8 28.2 
BC sa(L) SCL 1.0 6.4 ars) 20.2 10.2 45.6 24.9 29.5 
Ccas L lee 5.2 Vad +79) 11.5 Ea) 32.4 24.5 
(46.0) (34.6) (19.3) 
120 if, 1.0 Real Bo 3} oven? US 5} 49.4 BEL Sail 19.5 
150 1%, ASO) 5.5 a3) 2068 AS 44.6 37.6 17.8 
200 1 ial 4.6 4.7 20.7 11.6 43.0 4O.1 16.9 
300 1 1.6 329 4.0 16.5 10.5 36.5 42.6 20.8 
9 Ahsa ib 16 6.8 5.8 14.0 142.3 42.5 43.4 1404 
Bnsa(U) L 0.8 Bia 3.4 10.5 sah 3) Bh Sic 3} 43.0 23.7 
Bnsa(L) L AO 02 4.0 12.5 U5in7 36.5 42.0 21516 
BCsa (ene. 0.6 Zee 3.6 (h0/ ess} 28.0 37-9 Sipe 
Csak CL 0.5 Thos} 107 19.6 Wet 45.8 36.0 344 
Ccas it 0.6 2.4 Bao 9.2 15.4 HOair 30.0 26.0 
IICsk SCiE Oot 0.2 Os 37.8 17.6 56.0 17-5 26.4 
150 SCL 0.0 O's! 0.2 38.8 19.5 58.6 a7-0 24.4 
180 SCL On 1 0.5 O25 52.4 9.9 63.4 15.8 20.7 
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Appendix 3. Bulk density, particle density recalculated sporosity 


and pressure plate moisture retention values for 
various depths at the soil study sites. 








SITE DEPTH ate res fe MOISTURE CONTENT wt/wt at indicated bars suction 
=e gm/ce gm/cc % Os 05 O. 1 Ome OLS 0.85 10) 5.0 15.0 
1 10 1. 35 2.62 48.5 = = = és = = = 
20 1.50 2.66 43.6 = 19.8 17.9 = NG, 14.3 12.9 
30 1.50 2.68 44.0 = 20.2 Maye al = 16.8 14.3 AS baal 
50 1.60 2.69 40.5 = 23.4 Dal 7 = 20.2 70 14.5 
100 1.60 PT) 40.7 = # = = = ms Ee 
150 ihe, 5X0) 2.68 44.0 ~ = 2 = = a = 
2 10 1.45 Dal} AL 9 & é = = = = = 
20 1.40 2.69 48.0 = Pes) Baki “ MS aiBaty alas 7 
30 1.30 2.70 Gila) = irl 3} 20.9 S 18.4 15.6 sya 
50 1.45 2670 46.3 = 24.6 AG) 52 = 17,10 WAG 12.9 
100 15.60 Pelayy/ 40.1 i 20.6 18.9 = 16.9 15.0 WANS 3} 
150 iLAWAO) 2.66 36 = 10% 3 fa = = 4 = 
200 eT 2.65 34.0 Tiles) = a 3.8 es = = 
3 10 105 2.55 58.8 = a e = = = = 
20 1525 Prloyil S2iert os 30.9 Ashe 7 = AO 17.6 16.3 
30 1.40 2.68 47.8 = 26.5 20.4 = 18.5 14.9 13).6 
50 1.40 2.68 47.8 = PBRa5 18.6 = 15.9 13.0 15 
100 SAS PFO} 42.6 = 2265 19.0 = 18.6 15/05 13.9 
150 185 2.69 Syala) = = = = = e = 
200 1.90 2.69 29.4 14.6 14.2 AP i 9.2 = = - 
250 1.90 2.69 29.4 14.8 14.5 12.9 ) 2 = = - 
4 10 0.85 2.59 67.2 es S = = 3 a = 
20 0.90 2.47 63.6 = 42.3 2058 = 24.5 Niles ak 19.7 
30 1.05 2.61 59.8 = 38.0 BE\-(0) - 19.0 AGC?) 14.5 
50 1525 2.68 53.4 = 20.9 ys? = 13.9 1276 NOs 7) 
100 e165 ROG 39.1 = 226 u: Wc 5 = iG al ee 10.0 
150 1.65 2.69 38.7 20n/2 19.3 17/10 ID. i = = = 
200 e770) 2.69 36.8 Gir2 1/5} 1159 ie 2) = = = 
250 1.80 2.68 32.8 N72) 16.6 HG ys al deters = = = 
5 10 1.10 255 56.9 S = = = - = = 
20 1.40 2.66 47.4 = 22.0 18.1 = 16.6 14.4 4304 
30 1.55 2.67 41.9 = 19.7 AGie = UNG} 11.6 10.0 
50 SHO he TPE! SW = 18.0 5D = 14.2 Ales 9.7 
100 1.90 2.70 29.6 = MAS} 14.9 = ASE 11.0 One 
150 2.00 2.69 2 yai7, = - - - - - - 
6 10 1.30 2.65 50.9 = - - - - - - 
20 1.40 2.69 48.0 = 17.0 dlSyee = 12.0 heal 6.2 
30 1150 2.68 44.0 = 19.0 17.5 = W5io (8) 12.9 10.2 
50 s = = = 2263 19.5 = 205 15.4 12 
150 1.77 POH 33.57 - - - = = & 
7 10 1.10 Pio syf/ 57-2 = E = = % zs, oe 
20 1.55 2.67 41.9 = 22.5 Bale al = 19.4 16.3 14.7 
30 1.60 2.65 39.6 = 22.4 19.8 = 18.0 15.4 14.0 
50 1.80 2.69 Bigieul 2 20.0 17.0 = NGOS} 12.9 10.6 
100 2.00 Phy fal 26.2 - Nese Sistas - 12.2 10.1 8.4 
8 10 1.00 2.53 60.5 = = = = = = 4 
20 0.90 2.64 65.9 = HO53 2Bo®) - Gb) slijGtk alisha 
30 dercO 2.69 55.4 - 24.8 2Omo & 18.5 14.1 1728 
50 NGS 2.70 42.6 = PPh Al 16.6 - 14.4 Laden, 10.8 
100 sire) 2.70 37.0 = 20.0 16.5 = areas 10.4 8.5 
150 1.80 2.68 Bye) = 7s 15.6 = 5 = iz 
200 1.90 2.69 29.4 78 ~ = 12/06 Ss = - 
9 10 TS 5IG} 2.59 55.6 - - a = = = = 
20 15130 ie ria 52.0 - 25.5 23.1 - 21.5 17.5 14.9 
30 1.45 2.74 47.1 - 25.8 22.6 - 20.9 16.8 14.6 
50 = a = = 22.9 20.9 = 19.2 16.5 14a. 1 
150 1.77 hele 33-7 - - - = = = = 
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Appendix 4. pH, exchangeable cations, cation exchange capacity, 


electrical conductivity of saturation extracts, organic 
carbon, calcium carbonate equivalent and gypsum analyses 
of soil and underlying materials at the study sites. 








arcE HORIZON EXCHANGEABLE CATIONS 
OR DEPTH _ meg/100 g_ Le C-Becs B.C. ORG. Ceee GEESUN SE 
cm Na K Ca Mg meq/100 g = mmhos/cm CARB % Equiv.% Deb* USDA** 
Nat Ray Ose Onagr Aecko 2.69 17.4 0.44 2.04 = OOO O.03 
Bmg1(U) 7-0 0.09 0.28 10.99 3.60 14.9 = 0.69 Tr 2 = 
Bmg1(L) ee Ot Oms'2 el On ce RO 16.8 0.23 One Tr 0.00 0.02 
Bmg2(U) ope Oslg On350 16.62) § G38 24.0 0.22 0.32 Tr OLOOMN O02 
Bmg2(L) (Pole Cina ORss) WARP cule 20.1 0.23 0.23 Tr OLOOW 0.02 
BCg it OntG) Once Tiss 7.08 Bie3 = On25 Tr 0.00 0.02 
Ckg 7-8 - - - = 19.4 0.28 = 45 0.00 0.06 
120 = = = = iS = zs 5 a = 3 
150 (9) - - - = died: 0.41 - 5.2 0.00 0.08 
200 7-5 - - - - 20.6 0.41 = 45 0.01 0.04 
2 Ap Gas) FOO! O59) 175.39 Bio SKO 24.2 - Biel) = - - 
Aeg G20On29) Ones 10.66 2.88 15.4 = 0.74 - - - 
Btg(U) Pee OcOo) Osetia dtsO2 aod 19.5 0.09 0.30 = 0.00 0.01 
Btg(L) RO Ons Ole 4) 12.60 Bish 20.5 = 0.51 - - - 
BCg(U) Sas) Oxskiey W5 ssl alegre Bayi) Py aS) Oeet 0.30 - 0.00 0.02 
BCg(L) 6250) .0%41) O230) 13918 5.56 20.8 é 0.28 aie - - 
IICg 7-0 ©.08 O245 6.31 2.70 9.7 0.21 0.12 0.0 0.00 0.02 
120 7e7 - - - - - 0.42 cs sy? 0.00 0.02 
150 8.0 = = = - 5.9 0.29 = 439 0.00." (0.03 
200 7-9 - - - - - 0255) = 2.4 0.00 0.12 
300 7.9 - - - - 4.2 0.44 = 1.6 0.00 0.06 
3 Ap Gt  On36) O.40) 28,73 4.62 39.3 0.28 5.35 5 OJ00en 0.05 
Ahe(U) G5 0.068 On 36 16419 44S yal al = ic ay) = - - 
Ahe(L) Gas OnO7 6 Octet 2.7.6 4.75 18.1 a 0.79 = - - 
Bt(U) GeO O9) 6 Ones unde 57, 6.20 25.6 0.16 0.34 = O.008m 0.02 
Bt(L) Sai Ontos: eOmson dey 8.12 28.9 = 0.39 = - - 
BC Seay CMadh  Oae7,  alsqoEl 6.49 233 = 0.15 = = = 
Ck hak = = = & 16.9 0.44 0.28 0.5 On00mN O.05 
120 iad = = = = = 5 = As) = & 
150 hear = = = = 16.1 0.30 = 4.9 0.00 0.04 
200 7.8 = = = = = 0.44 = 5.2 0.01 0.05 
300 7.8 = = - - 22.4 0.49 3 2.4 0.01 0.08 
Ee kp Seal Vos storie  alyPACi} 5.55 30.4 = Bag = = 2 
Ah(U) G2 “OnE? AsGs P5605 6.48 3665 0.48 7250 2 0.00 0.02 
Ah(L) Soom Ore5 O65 7 t4.92 5.84 26.6 S Sil iS = Z 
Btj(U) 627) Ovk7 0-48 10.76 6.14 1655 0.69 aly ts} Tr 0.01 0.04 
Bt j(M) eee O51 OF46" “O48 5.61 16.9 0.88 0.83 Tr O.02" FO.34 
Bt j(L) a5 mOMes) 10626) 15506 4.81 15.0 S10 0.60 te, 0.32 0.49 
Cea(U) Bi) = = = = 4k 0.61 9.9 ye: sa) 
Cca(L) 8.1 ze = = & A Ba5 0.25 AD), 5 7.60 7.74 
Ck 7.8 E = = = Ade 2: 4k 0.27 8.8 Ons0N Ono 
120 8.1 = = - - - 3.5 - 7-7 - - 
150 7.9 = = = - 10.4 2.3 - 6.8 OL O3uNOe LS 
200 Sa = = = = = ogi - o.5 O.OtNNN On et 
300 faecal = = = = 13.8 allt = 3.6 02010 Onts 
5 Sp 5.7 0.96 0.20 Gait Bier sy/olh 0.19 3.48 S 0.00 ‘O-.01 
Bnt jk(U) Wed sGe (O29 9.14 8.85 19.3 1.4 1.50 O.4 0.00 0.12 
Bnt jk(L) 826  5ak9 0227 Banos 10.517 21.8 262 1.02 Brey 0.00 0.18 
BCcasa(U) 8.5 s 2 ~ = oe Dieies 0.58 9.7 Oeee 0.36 
BCcasa(L) 3 Wears = es = = = 8.1 0.16 8.0 On13 0.28 
Gale 8.2) <= = a S 14.5 6.9 0.12 45 Oe2i.)  Os35 
120 - - - - iS = = = = = = 
150 8.5 a e = cs NS}5(0) alt = 2.9 O.00) Ne One9 
200 8.5 5 a 4S = = 1.6 = 2.5 0.00 0.19 
300 8.4 = - = - 9.4 1.8 - 2.2 0.00 0.09 
6 Ahsk Fee) 5 = - - 25.6 4.3 5.71 0.5 0.01 0.25 
Bnsakg(U) 8.9 a = = - ~ 6.5 1.24 5.7 0.00 0.27 
Bnsakg(L) 9-4 - = S - 10.8 3.3 0.55 74 0.00 0.22 
Ceasg Deis im 5 = = 2 2.8 0.15 Sed 0.00 0.30 
Csk Cae = ee 2 =; 58) De 0.27 B55} 0.06 0.43 
IICsk 6a3 = - - - - 9.2 1.24 6.3 1.98 1.19 
120 6.1 - ~ - - - 11.1 0.79 1.6 1.29 1.43 
150 is 2 a = 3 24.1 9.2 dete 2.0 1.46 1.40 
200 3.7 pe = = = 33.4 ile 1.82 055 1.18 0.99 
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a aR a I SOR RR reel IR OR eel A a 5 lei pa ee pat. aE an ea 
EXCHANGEABLE CATIONS 


SITE 


meg/100 g_ = ©C>Bct. Bee aay yaar sve seats i 
K Ca Mg meq/ 100g mmhos/cm CARB % Equiv.% Deb* USDA** 
ce ee a ae SS ee 
0.36 5.09 2.03 Ue 0.19 Seie7 = 0.00, O04 
Only Gn 23 3.36 AUsys 3} - 1.66 - = = 
0.22 9.27 5.60 illeny, OeBe 0.92 = 0.00 0.05 
O.28" “7046 6.2% 19.2 0.43 0.75 Or 0.00 0.01 
One) 9d 5.53 LGag 0.52 0.63 fr ORO0) O08 
= - - - 4.3 0.40 lise 0.06 0.42 
- - - RG 74 6.4 Ore Bi (Syeall 0.80 Ono5 
- - - 7-8 = Ih 3} LG PAS) ieee 
- - = sizrerel AL9 = 2.8 0.19 On 14 
- - - - 4.2 = 58 O08 Ons 
- - = 25.69 2.6 = 52 On OH: 0.19 
0.32 core ee) Ben ipl 2815 0.38 Bre Gl - 0.00 0.01 
0.17 9.09 3.09 BSS = -28 = = - 
Ones 5.05 2.74 aiaenz, 22.0) Save Tis 0.00 0.04 
One2 bres Gest 21.9 he 3 0.83 Tn OnOu 0.16 
0.35 5.40 Woes Pihevat BiG 0.61 Tr O.00 0.24 
= - - - 9.2 0.36 Ds fl Sal) 105 
- - = = 10d 0.20 0.8 ei. 0.70 
- - = 1Bi2 Had 0.29 9.8 1.39 1.06 
= = = = Bee = Baer) 0.80 0.50 
- - = 14.2 335 = Be 0.02 0.09 
= = = = deo) = Bes Qs00) 10.0 
- = = Boe. Ath = 2a GOO On te 
= = = 27.6 24 5.19 = Ono di 0.20 
= = a ss 20 1.96 S Ona'3 0.00 
- - = 25.0 18.6 1. O8) = 137 0.00 
- - = = 1 ot 25 = eet 0.00 
- - 2 = 12.6 0.28 225 6.2 5.60 
< > = 26.3 13.6 0.69 a) Ode O00 
= = = 19.9 4.6 0.28 Pusat 0.19 0.06 
o & = = = = = Cree 0.58 
= J = 268 1.9 = NSC) = - 
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cm Na 


pH 


Ap 5eOm Osos 
Ae seo? W202 
Bnt1 Biot’ siloav!: 
Bnt2(U) Gna 42 
Bnt2(L) 720, A.'66 
Ccasa Ta “ 
Cksa 7-9 = 
120 8.1 = 
150 8.2 3 
200 8.5 : 
300 8.5 = 
Ap ie te oO 
Ah 5G) W2e68 
Ae Uae BASE 
Bnt(U) ii OM ORTONE 
Bnt(L) Fotss tax) 
BC sa(U) 8.1 2 
BC sa(L) 8.0 = 
Ccas 833 = 
120 7.9 = 
150 Bsa = 
200 8.3 - 
300 BIG al = 
Ahsa Boke) = 
Bnsa(U) Grey, = 
Bnsa(L) 6.7 = 
BCsa Visi - 
Csak 8.2 = 
Ccas (sha,5} - 
TIC sk 8.1 = 
120 = = 
150 8.4 5: 
200 = = 
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Appendix 5. 








CoOntenitw i nesonwies 


Cations and anions in soil extracts expressed as 
(Tr=trace,L=less than 0.5 meq/100 g 


SO), ) 
site HORIZON IONS IN SATURATION EXTRACT IONS IN LARGE WATER VOLUME IONS IN 2N HCl 
Re ‘ EXTRACT* EXTRACT** 
- meq/100 g soil _ meq/ 100 soil meq/100 g soil 
cm Ca Mg Na K~ .SOL™ C1 “HCo4 ca’ Mg’? Nar pe on Ca. Mg” 
1 Ah OR O90 OOO O2 OO a O05 s DanOn 2 en O GOR Sm OROOMOnRO;7aelt - - 
Bmg1(U) = - = = = = = 0.48 0.17 0.06 0.04 L 2 2 
Bmgi(L) 0.06 0.04 O01 70500" 0.00) 0000.03 On22O LON OsOOmO Oils 13.9 8.1 
Bmg2(U) 0.06 0.04 0.02 0.00 0.02) Tr 0.06 On2enOn de O.09) 0.03 eF 18.9 iS \oe 
Brig2Gh)e OsOGnOn05 6 OnO2NOj00N OOS O ROO OFOSIN  Ona> 1Outan O07 OOeL, 16.2 a al 
BCg OcOSsOsO7e  OLOSBOLOO8 OFO20Tr eOnl 2m On2gnOe tsi O.OnOO9mL, 16.0 13.4 
Ckg O.0980210m OnOS4Os00§ OFO3-OSOOLOntee) 655 (0,348 Ontdo;O2ML 104 Doh 
150 O20470- 105) OnO2502008 OCO6NO-OONOLOGN OnGieOneon O- iso 7O2uT 120 Dee 
200 Op 13005165 | OLO2NO2008 O.O8NO04) Onte ) O-41O.3 2m Ott sO.O2eL, 84.9 27ia5 
2 Ap - - - - - = = 0.40 0.13 0.08 0.09 L = = 
Ae - - - - - = = Ong IO ,OCMO.O2 NO One - = 
Btg(U) OL Od0-008) OO10..00) (0202) 0-00) 0102 5 O70 CNO. O4MO OS RO O2mL = = 
Btg(L) - - - = = = = Os ZOOL OGMOLOLNORO2QN LT = = 
BCg(U) O.05e05035 020000200) O-OFRTr NO.O5.) O22) 0.11) O-0680,0401 = = 
BC g(L) - - - = = 2 = Oe CNOmt 2 mEONOv NO. Ome 14.3 tied 
IICg OeOSRORO2E O01 NO 00m OsO2NOF00) OF 30 O22) O st OO5n OR O-RaL 8.0 6.6 
120 OcOGROSOGNN) OFO1 NOOO OFO05 80200) 005m Of SONOnn OOO) OL O25) 19.5 12.4 
150 OLO9NOZOL8) O01 200) OLO2OTOORO1O4 0 Ose) On 7a OnO5 O64 al Sua) 18.5 
200 0205.06058 O.0280.00. 0.06)0.00) 0405) On7 20.75, O06) OL048 TL 41.8 20.2 
300 O20820.065 O20280.001) 0-0350,0180.06)) OF4700095 5 O-0200.0301 26.8 14.4 
3 Ap Ont 04055 O-01 10208) 0.089000) O08) O.6/2 0-13)5 O2090.058E a = 
Ahe(U) - - - = & = = 0.38) Oo 149 (OF 02)0.058L = = 
Ahe(L) - - - = = = & 0532008170) 0,08)0-0455 = = 
Bt(U) 0.03 0.03 0.01 0.00 0.02 0.00 0.04 0.18 0.10 0.04 0.04 L = é 
Bt(L) - “ = - - = = 0.20 0.17 0.06 0.04 L = = 
BC = = = os = = = 0.18 0.15 0.06 0.03 L - 2 
Ck O.14 O.1& ©6203 0.01 6.05 0-00 0.18 0253 0.36 0-08 O04 L Disha s 16.9 
120 = = = = = = = 0.49 0.15 0.06 0.02 L 55.5 23.6 
150 0.06 0.05 0.03 0.01 0.04 0.00 0.08 0.43 0.18 0.07 0.04 L 7a) 50.2 
200 OaqlsnO SOOM LOSO IO +O m1 OO9) 10-000 Omn On 5 tu O20 Olen OOO (un: i fe fejel 54.5 
300 0.14 0.18 ©4705 0.01 06.17 0.01 0.09 0.80 0.42 ©,12 0.08 L 63.3 41.2 
4 Ap = = = = = = = Ons OM2OmrO LomOnd aml - = 
Ah(U) 0.11 0.14 0.05 0.07 0.00 0.00 0.06 0.32 0.17 0.12 0.26 L ~ = 
Ah(L) E = S = eS = = O22) O19 0.1 2 OL O8nL - ~ 
Btj(U) Or lorOe 25 OcO7 O20 1 O33) Os O10 On t1umNOn 47 O43 OO 1 Om Oli Ts = & 
Btj(M) 0.19 0.31 0.15 0.03 0.25 0.01 0.10 2.54 1.94 0.32 0.22 L 7.9 Pha lh 
Btj(L) AOD Onck) Ose @oOs slows) Gow Woes) Goes) Bose W5's oe ol! 12.4 Pies} 
Cca(U) 1.33 2.58 0.60 0.04 1.86 0.01 0.13 -97-7 5.96 1.00 0.29 91 220 B52 
Cca(L) ‘ini Bey On? O08 Wot WoC Oot Eels Boy ‘lol? Ones Ee 24h 41.4 
Ck O95) 1.92 On7 20. O2ea ees Ly; 0.08 SWAT aoGe isis) @qes) to®) 168 B9ie 
150 0.33 0.55 0.46 0.01 1.06 0.01 0.08 11955) 1s O9N OR 93) On5 mls 133 3722 
200 0.07 0.06 0.50 0.01 0.32 0.01 0.31 Nae) elaOal 67/5) Wows 1b 103 26.6 
300 Outs Os20) | Os35  O.02 O55 Tro 0.11 Me2OMOnG3 i died Oncoul 7363 33.63 
5 Ap 0.01 0.00 0-09 0.00 0.00 0.00 0.05 0.07 0.06 0.35 0.04 L 7.02 3.6 
Bntjk(U) 0.04 0.04 0.83 0.00 0.33 0.00 0.47 Oplkal, sO) — aaa) Mae) ib 12.6 14.6 
Bntjk(L) 0.04 0.08 1.36 0.00 0.73 Tr 0.27 1.58 0.60 5.34 0.16 L 89.5 3233 
BCcasa(U)0.26 0.35 3.05 0.00 2.34 0.01 0.19 3.38 1.44 8.30 0.10 4.5 187 40.8 
BCcasa(L)1.47 1.41 5.91 0.00 9.14 0.00 0.17 4.08 2.11 9,12 0.12 8.2 147 39.9 
Csk 0.93 0.87 5.02 0.00 4.80 Tr 0.14 3.72 2.10 oH Oo Gos) ECS BGra7, 
150 0.01 0.01 0.90 0.00 0.61 0.01 0.29 0.90 2.52 5.62 0.37 L 38.9 30.6 
200 0.02 0.01. 0.91 0.01 0.47 0.01 0.24 0.68 1.57 4.88 0.32 L 35.3 29.9 
300 0.02 0.02 FE AOL O1mO5 7 OO INO G2 mOe DONO 59M 03 mOsm. 34.0 ne) 9 
6 Ahsk 0.14 0.11 2.64 0.03 1.58 0.01 0.58 MeO Se Ou qe 27 Osedi 25.2 AG) 
Bnsakg(U)0.00 0.03 3.27 0.01 2.25 0.04 1.00 1.58 1.55 6.75 0.26 L 78.4 id] 
Bnsakg(L)0.01 0.04 2.46 0.01 1.22 0.01 0.77 SD) oan los) ashes 16 91.9 26.4 
Ccasg 0.02 0.04 2.23 0.00 0.87 0.02 0.90 die 7 Bde 7 On Ola eek 100 56.1 
IICsk Oa73) Ow 45 4.72 0.00 2.97 0.04 0.20 13.2 ays “Pals @aalely 25) 95.4 22.9 
120 0.71 4.24 3.28 0.00 7.38 0.01 0.36 15.7 5.78 4%&.88 0.99 22 24.8 8.38 
150 1.52 1.44 6.32 0.06 7.30 0.02 0.03 44.1 5.08 10.8 0.39 23 39.7 23.5 
200 1.39 2.27 6.78 0.01 8.61 0.05 0.00 9-77 Silhey Maley? eon ein 15.4 16.0 
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Bnt1 
Bnt2(U) 
Bnt2(L) 
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CkKsa 
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BC sa(U) 
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Csak 
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++ 
Ca 
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0.44 
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1.30 
0.29 
0.07 
0.06 
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ai eycling 
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0.03 
0.03 


4.43 
0.89 
aga 
1.49 
0.97 
5 MS 
42 t4 
0.03 


IONS IN SATURATION EXTRACT 


Sufficient water to dissolve all gypsum. 


Following Large Water Volume extraction. 


IONS IN LARGE WATER VOLUME 


IONS IN 2N HCl 
EXTRACT** 
meq/ 100 g soil 


Ca 


18.8 
19.5 
171 
58.5 
47.8 
47.8 
39-5 


A5IGO) 
63.1 
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38.9 
AEA) 


Mg 
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Appendix 6. Analysis of water samples from piezometers at soil 


study sites and at piezometer nests installed as 
part of Leskiw's (1971) study (overleaf). 








SITE DEPTH pH E.C. , CATIONS | mega ty litre | ANIONS meq per litre 

metres mmhos/cm Na K Ca Mg SOn e- HCO," “COgue Glog, Oy 
i WT 8.4 0.61 sel 0.02 4.8 4.O 0.0 BaS 0.00 0.00 0.00 
AG Bie 5 0.20 0.9 0.10 0.8 On7 0.0 1.8 0.00 0.14 0.00 
6.1 8.6 0.20 tO 0.14 Ons One 0.0 deer 0.00 0.79 0.00 
12.2 8.9 0.50 Tell 0.14 2.9 2.6 On Bas} 0.00 0,03) O00 
3) WT = 1h 5) 4.6 0.08 8.2 5.8 18.4 2.9 0.00 0.00 0.00 
AS} Ore 0.30 453 0.13 Ons 0.9 0.0 2.5 0.00 O.14 0.00 
ows! 8.9 Os AS 0.6 0.09 O23 2.0 0.5 2.5 0.00 0.00 0.00 
13s 8.6 Opis abel 0.15 29) 2.8 Viggik 345} 0.00 0.00 0.00 
3 WT 8.5 0.50 On, 0.10 By sul A 9 On'7/ on Gi 0.00 0.00 0.00 
5.2 8.4 tes Din P) 0223 abseil 6.2 24.9 1.9 0.00 0.00 0.00 
8.2 8.5 0.70 ey 0.19 2e7 33 5.9 265) 0.00 0.00 0.00 
NS) 8.9 0.56 a3 0.16 Paths 2.9 1.4 4.9 0.00 0.06 0.00 
4 WT 8.6 3.0 16.3 0.35 Aye 9.5 Stele 10.8 0.00 0.06 0.00 
6.7 9.7 Arcll 8.7 0.18 Oe 0.2 6.9 fee 0.00 0.17 0.00 
12.8 9.5 1.8 52 0.19 One 0.6 5.6 9.0 0.00 0.00 0.00 
25.20 8.9 0.40 1.9 0.06 0.6 2.4 Nee Brod 0.05 0.00 0.00 
5 WT 9.0 2.8 ire Ova Aveti7, 1516 re) jel 0.00 0.03 0.00 
4.6 Oven 65 186 Ore Alig (Oyen 0.0 See 10.7 0.00 0.93 0.00 
Hoe) Ola) MoS 1608 Oma One Ont 5.6 9.2 0.00 0.00 0.00 
1357 9.4 iets} Arey 0.09 Owe Olen! 9.0 10.9 0.00 0.00 0.00 
5a 1.8 = Dieis 23a Ont, 0.1 0.0 RA SO 6.0 0.00 HOON 0200 
PSS: = 1.6 17.5 On a7 Oe 0.0 5.3 el oS 0.00 1.00 0.00 
6 tLe} 9.8 BO SH GO) 0.18 On 0.0 W/o 13.8 0.00 0.00 0.00 
4.6 Ont Halls 39.0 On32 0.1 Oe 6.4 NAGS 0.00 10.0 0.00 
(yal 9.0 ers 1356 0.06 0.4 Ome 9.6 6.4 0.06 0.00 0.00 
ADAP 9.3 0.82 Wieck 0.12 0.2 ee) Drei 6.3 0.05 0.00") 0)..00 
24.4 9.8 Nes aya 0.06 Oyen 0.0 Saul 10.8 0.00 0.14 0.00 
7 Bat 8.2 7.0 78 Oets 1.9 eal 66 by OOOMZOR7 0.00 
6.7 8.8 eis) 16.3 0.54 0.4 Ons 0.7 10.0 0.00 6.29 0.00 
112).16 9.7 Bolt QB holh 0.09 One 0.2 MASP 8.5 0.05 0.00 0.00 
25.0 9.0 0.60 3.6 On43 Aree Qed ‘ere, 563) 0.07 0.00 0.00 
7a 4.6 Oe 55 Sas) 0.07 Ont Opel 3.6 10.6 0.00 0.06 0.00 
7b 5.2 On 1.5 Waa al 0.14 On2 0.2 Biel BGS} 0.00 0.34 0.00 
Te 4.9 9.9 Aven 7, 18.5 0.07 Oe Ont Bree 12.3 0.00 At AO. OO 
8 WT 9.4 Beeey 4h 4 0.21 Stent 3.9 25.6 16.7 1.00 0.00 0.00 
5.2 8.4 2.9 30.4 On 17 0.8 0.6 2807, 4.6 0.00 tt OSOO 
(3. 2 Sia As) WH of 0.05 O.4 0.4 8.0 Oo) Oni 0.00 0.00 
HEED) 9.0 0.82 82 0.06 0.9 1.6 49 Baal 0.07 0.00 0.00 
9 wr 8.8 Gell 87 0.79 Re 8.1 100 ie) 0.00 0.03 0.00 
yah 9.2 54 63 Ona Ons 0.8 62 8.3 0.00 0.99 0.00 
Gal Dee 3.8 43.0 Ons leet 0.4 35.6 9.4 0.00 0.00 0.00 
12.2 9.3 Bs 38.1 0.18 0.2 Oa 3} 24.9 Vil) 0.00 0.08 0.00 
Oh ek 953 0 Boe 0.05: 0.3 ike 49 Great Ol tad 0.00 0.00 
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NEST DEPTH oH Bis Cie , CATIONS | meq per litre | ANIONS meq per litre 5 if 
metres mmhos/cm Na K Ca Mg SO), HCO 3 cO3 Cl OH 
I ists 5} 9.0 0.20 160 0.10 O.8 0.5 0.4 Wars @00) ) O03) 0.00 
46.0 8.6 Ome 0.9 0.38 0.6 On7 0.5 eo Or OOO rO3 Oe CO 
83.8 8.9 0.40 2.0 0.26 1.1 (ote) O58 Sat OPOONN O200" 1000 
123.4 8.9 0.30 1.0 0.36 0.9 alae 0.4 2.9 0.00 0.00 0.00 
II Ged 9.2 0.60 avi 0.25 1.9 Bode 0.0 6.9 0.00 0.00 0.00 
14.6 8.6 0.52 she) 0.23 4.0 D3) 0.0 5.9 0.00 0.00 0.00 
48.8 8.9 0.35 1.9 0.33 0.6 0.8 0.6 2.9 0.00 0.00 0.00 
WOR 1259 2.15 16.3 0.49 Onl 0.0 On 0.0 7A70 BeO.00 S671 
105.2 9.6 0.29 0 0.38 0.5 0.9 0.5 Delh 0.00 0.00 0.00 
Die 4.6 9.6 1.00 10.9 0.08 0.4 0.8 0.7 9.9 0.00 0.00 0.00 
46.6 9.8 20 13.0 On Ty OL2 @.2 (AO) aS) 0.00 0.06 0.00 
73.8 10.3 0.82 Siy/ 0.29 0.2 One) On8 6.3 Geol ase) O40) 
96.6 10.2 0.70 Bag 0.51 0.4 0.8 0.4 ‘Seet 0200 Oe?) £01.00 
IV 3.4 9.5 By lhs) 27.2 0.08 O38 0.3 ISP 15.3 0.00 0.06 0.00 
22.6 atallsn 151d Wyo! 0.38 One Od 0.6 126 1.200) LOZO3) €Os00 
47.9 IP 4.20 24.5 0.45 Ou? 0.0 0.0 0.0 6.50 0.93 16.40 
72e5 1252 4.40 26.7 1.15 0.4 0.0 On3 0.0 10.33 1.04 18.53 
V No) 97 Aiea 2270 ed se) 0.09 O22 0.0 WE 203 11533) 9.0214 BOn00 
219 1s 7 1.65 10.9 a0; (Osa! 0.0 0.6 0.0 6.10 18) ate 
47.5 10.0 1.50 1704 0.40 0.2 0.0 0.6 10.5 LO 7 EOe SL Os OO 
68.9 ages 1.00 8.2 Aekel 0.4 0.0 1.0 i216 527) O203 BOR00 
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Appendix 7. Analysis of 1:5 water extracts of drill samples from 
thew soil study) sites. 








SITE DEPTH LITHOLOGY H E.C. CATIONS meq per litre ANIONS meq per litre 
metres Pp mmhos/cm Na™ Ku Calm Mg” SO,” HCO 3 cia 
1 2.9 Till 7.8 0.10 @)owl3h 0.05 0.29 0.39 0.0 0.59 0.00 
4k Sand Tees 0.10 0.06 0.05 On25e Oe 0.0 0.39) “0.00 
6.9 Tit Sart On 15 Opie 0.17 0.80 0.41 1.5 0.98 0.00 
120) Bedrock 8.0 0.15 Ont? 0.20 0.90 5 3i0) 0.9 0.98 0.00 
2 2.9 Sand 8.0 Olea Ones 0.06 0.50 0.30 0.0 0.69 0.00 
eats} Bedrock 8.0 0.15 Oper 0.24 0.70 0.16 The) 1.08 0.00 

5 4.9 Pata Wise 0.81 OmLonme Oe 7. 4.69 2.47 Maal Se) ve 
7-9 Dave Tage 0.45 0.48 0.24 1.90 Pose ie Legis} 0.49 0.00 
9-7 Silt ete O..21 0.41 0.19 0.80 0.41 16.8 0.69 0.00 
14.0 PUTT 7.8 0.20 0.39 One 0.89 0.36 1.9 0.98 0.00 
4 Lents otal 8.0 0.19 0.87 Oel2 0.21 0.07 Bae 0.98 0.00 
NOG Bedrock 8.0 0.26 2.0 0.08 0.15 0.04 hoy 0.78 0.00 
19.8 Bedrock 8.7 0.40 Byoy/ 0.05 (Ona 2) Oetd 2.4 365) 0.00 
BY 9 Bedrock 8.9 0.80 VeD Ona! Oe12 0.06 5.6 53555) 0.00 
5 2.6 Aen ley 8.1 0.61 250) 0.02 0.04 0.03 N38} 177 0.00 
fret Bedrock 8.4 0.30 0) 0.08 0.06 0.03 ao) 2.06 0.00 
A Bedrock 8.6 0.36 3.4 0.09 0.06 0.02 125 Dawe 0.00 
6.4 Bedrock (34574 0.45 4Ao& 0.14 On Lt 0.04 1.9 Say 0.00 
Lea Bedrock 8.8 0.45 44k 0.14 0.16 0.11 1.9 B59) 0.00 
13.4 Bedrock 8.6 0.50 4.9 0.07 0.06 0.03 2.6 Awd 0.00 
6 Pies} Bedrock Sas 0.40 3.8 0.05 0.02 0.02 Dail 320 0.00 
Bao Bedrock 8.5 0.40 3.9 0.05 0.04 0.02 2.6 Oe dee O OO 
5.9 Bedrock Oye a 0.39 3.8 0.04 0.06 0.03 0.9 3.4 0.00 
8.8 Bedrock Biz, 0.75 6.5 0.09 0.08 0.02 oS 4.0 0.00 
abe di Bedrock 8.4 0.90 Wolk: 0.09 0.07 0.02 11.9 Shes) 0.00 
7 Oe} tlt 8.5 0.40 3.8 0.03 0.08 0.03 5.2 STD 0.00 
eal Bedrock 8.9 0.60 Bats) 0.08 0.10 0.06 ates 4.7 0.00 
ee7 Bedrock 8.7 0.59 558) 0.06 0.06 0.02 2.4 Sieur, 0.00 
CVSS} Bedrock 8.9 0.50 4.6 0.06 0.07 0.02 ne) Neil 0.00 
159 Bedrock 8.8 0.65 (a 0.07 0.08 0.02 Shells iG 5} 0.00 
MSS Bedrock 8.8 0.50 5.0 0.06 0.09 0.04 1.9 44 0.00 
BSG) Bedrock 8.6 0.81 #53) 0.08 0.06 0.02 9.4 3.9 0.00 
8 2.6 Tan Tats) Oees 1.9 0.05 0.22 0.10 Blea 0.79 0.00 
Bee Bedrock 8.8 OVs5 2.8 0.03 0.08 0.04 Sholg SheioiF/ 0.00 
5.2 Bedrock 8.5 0.36 3-4 0.06 0.09 0.05 2.6 Bais — es(ore) 
7.8 Bedrock 8.5 0.75 6.5 0.08 0.10 Oude 8.2 8.8 0.00 
Dey. Bedrock 8.9 0.80 6.9 0.07 0.09 0.04 6.2 4.6 0.00 

¢ 2.6 Bedrock 8.5 dQ 7.9 0.06 0.18 0.12 19.8 2.06 Tr 
BO Bedrock 8.5 0.39 304 0.05 0.04 0.01 Diet 2.95 0.00 
Ak Bedrock 855 0.90 Got 0.08 Ons 0.16 15.0 Blo5) 0.00 
5.9 Bedrock 8.8 0.70 Gav. 0.07 0.06 0.02 355 Bina 0.00 
8.8 Bedrock Siz, 0.66 Os7 0.06 0.09 0.02 5.1 41 0.00 
ie! 5G) Bedrock 8.7 aa 10.2 Ovid Gere 0.03 15.9 ped 0.00 
16.8 Bedrock 8.8 0.70 8.8 0.07 0.12 0.04 Hos Shoal 0.00 
24.4 Bedrock 8.9 0.70 6.1 0.06 0.08 0.04 4.3 4.9 0.00 


* KO 


sieyianA . } #ibmeqgaA 


Iica of3 


2 em ee 





YoolOnNTiJ 











ae | Stiz 
eon S| 
— — . ——— 
8.3 Lin? v5 f 
i nas ?.# 
£27 ¢.9 
soovhet O.62 
U.€ baad ¢ 
oo » et 4 
f ri 
>" 
t hiid a 
<] 7 ou? 
r 
42 T+? é 
& ‘ yal “ 
a > a. 4 
qj lac3ibed ss : 
1 i7 bok 4 
. ‘ a 
d bud e 
As toll : 
4 wf . 
>t 7] ‘ ‘ a 
too xubed +& if ’ 
e foo 44 ef 
Es Aso 1086 ; 
; af Rg 
; ta ™ 
y : . 
o 6904090 
5 A hol i, 
i lnayhed a 
c a ane «@ » [i 
Q Zoo ube € »o/ 
ao <hell ; “g 
3 Liat i 6 
c 43 to4 of 
} i>eo é ‘ 
Aza twS 8.7 
= a 1be6 Tis 
‘ 1h 2. » 
iso 1bhe Oo. 
.t d20 thed -.+ 
&.8 doo shee Pad 
«4 toothed 6.6 
t.6 Azrael Pett 
3.6 Ay tired 8.01 


A590 7h 4-45 





es 








206 


Appendix 8. Water levels in piezometers installed as part of 


Leskiw's (1971) study terminating at depths indicated. 


a eee 





NEST AND PIEZ. WATER LEVELS metres above mean sea level 
LEVEL m DEPTH May Jun Jun Jun Jul Jul Aug Aug Aug Sep Sep 
a.m.s.l m 25/71 1/74 Wri 15/74 (oy Gk aya ile ely al SeSO/ Git e/ fie 28/7 ot 
i 18.3 675.22 675.16 675.17 675.19 675.15 675.13 675.13 675.08 675.06 675.10 675.14 


46.0 667.44 667.44 667.45 667.46 667.49 667.50 667.52 667.50 667.50 667.52 667.54 
83.8 643.06 653.10 655.29 656.50 657.76 657-93 657-97 657-95 657.95 657-95 657.94 
123.4 602.18 603.67 605.01 606.29 609.80 611.93 613.75 615.99 617.77 618.15 619.44 


Ny: 6.1 671.08 671.02 671.02 671.01 671.08 671.03 671.06 670.93 670.89 670.79 670.74 
14.6 669.48 669.50 669.55 669.60 669.65 669.72 ‘669.77 669.80 669.83 669.86 669.86 
48.8 644.96 647.93 650.24 652.09 659.85 660.34 660.35 660.33 660.33 660.33 660.31 
79-2 634.73 638.62 640.79 642.10 643.84 644.22 644.40 644.44 644.46 644.47 644.44 
105.2 601.71 604.29 606.56 608.59 613.66 616.28 618.33 620.77 622.67 623.00 624.20 


LEL 4.6 656.48 656.46 656.44 656.44 656.46 656.39 656.37 656.14 655.95 656.02 655.92 
46.6 638.80 638.79 638.83 638.82 638.84 638.87 638.88 638.83 638.81 638.82 638.81 
73-8 637.74 639.00 639.32 639.49 639.62 639.64 639.67 639.64 639.63 639.66 639.66 
96.6 586.29 586.86 587.19 587.50 588.21 588.70 589.34 590.19 590.50 591.11 591.74 


Iv 3.4 638.43 - = 637-45 638.79 638.95 639.12 639.28 639.34 639.43 639.41 
22.6 636.00 636.62 636.76 636.81 636.80 636.78 636.78 636.77 636.76 636.77 636.76 
47.9 614.27 619.08 622.33 624.73 629.17 630.93 631.96 632.85 633.14 633.53 633.82 
72-5 589.86 592.87 595.15 597.17 602.73 606.44 609.42 612.51 614.97 615.26 616.76 


Vv 10.7 629.08 629.08 629.08 629.07 629.06 629.09 629.14 629.20 629.25 629.29 629.37 
24 On 627.50) (O27.58 627.04 (627.07 627/168) 627.70) 627.72 6627109 627.07, Oeiiaen (Olt 67h 
47-5 622.53 623.06 623.22 623.41 623.76 624.04 624.31 624.60 624.80 624.83 624.22 
68.9 598.28 603.80 607.61 610.39 615.61 617.33 618.45 619.48 620.16 631.55 620.57 





NEST AND PIEZ. WATER LEVELS metres above mean sea level 

LEVEL m. DEPTH Oct Oct Nov Nov Dec Dec Jan Feb Mar Apr May 

aeimesetls m 12/7 4 26/71 9/71 23/71 8/71 18/71 16/72 10/72 f/72) 10/72 10/72 
i 18.3) 7675.17 675-17 675.19) 675.19 675.18 675.01 675.16 675.17 675.04 674.99 675.03 


46.0 667.55 667-55 667.54 667.52 667.46 667.49 667.52 667.55 667.58 667.60 667.60 
83.8 657.95 657-95 657-93 657.86 657.84 657.85 657.87 657.89 657.90 657.94 657.93 
123.4 620.57 621-57 622.49 623.30 624.09 624.61 625.96 626.93 627.84 628.77 634.29* 


II 6.1 670.74 670.73 670.68 670.59 670.64 670.52 670.49 670.37 670.23 670.43 671.86* 
14.6 669.87 669.86 669.84 669.83 669.77 669.76 669.62 669.59 669.47 669.41 669.49 

48.8 660.32 660.32 660.32 660.32 660.22 660.24 660.29 660.30 660.34 660.34 660.29 

79.2 644.44 644.44 644.43 644.43 644.43 644.36 644.38 644.41 644.43 644.43 644.35 

105.2 625.07 625.80 626.36 626.80 627.09 627.35 627.91 628.33 628.76 629.09 630.73 


ebay 4.6 655.86 655.83 655.82 655.76 655.71 655.67 655.60 655.45 655-33 655.57 656.76 
46.6 638.82 638.81 638.80 638.81 638.74 638.76 638.80 638.82 638.84 638.83 638.81 
73.8 639.67 639.65 639.63 639.64 639.53 639.56 639.60 639.62 639.64 639.67 639.66 
96.6 592.38 593.30 594.10 595.10 596.06 596.78 598.99 600.91 603.35 605.87 626.28* 


IV 3% 639.32 639.18 - - - - - ~ - - 638.61 
22.6 636.76 636.77 636.77 636.78 636.74 636.75 636.79 636.81 636.85 636.86 636.89 
47.9 634.04 634.19 634.37 634.40 634.39 634.44 634.61 634.70 634.81 634.90 634.91 
72.5 618.00 619.21 620.03 620.78 621.41 621.79 622.70 623.36 623.93 624532 1625.57" 
V 10.7 629.46 629.54 629.58 629.63 629.60 629.64 629.64 629.62 629.54 629.45 629.36 


21.9 627.72 627-73 627.72 627.73 627.71 627.74 627.78 627.82 627.84 627.85 627.86 
47.5 624.10 623.07 624.07 624.07 623.95 623.98 624.02 624.05 624.10 624.10 624.11 
68.9 620.83 620.94 620.99 621.03 621.02 621.07 621.15 621.14 621.15 621.18 621.18 


I 


* Following addition of water to pipe to hasten stabilization. 
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NEST AND PIEZ. WATER LEVELS metres above mean sea level 

LEVEL m. DEPTH Jun Jul Jul Aug Sep Oct Nov Dec Jan Feb Mar 

a.m.s.l. m 6/72 Be 26/72 Qe 26/72 24/72 2 ae 18/72 ile y/7/ 3} 10/73 io 7 3 

SSS A aa sce ee ee eee 
i 18.3 675.03 674%.85 674.99 675.05 674.97 674.98 675.01 675.01 675.19 675.12 674.95 


46.0 667.61 667.60 667.60 667.61 667.62 667.64 667.66 667.68 667.71 667.72 667.74 
83.8 657.90 657.89 657.87 657.88 657.88 657.88 657.89 657.89 657.91 657.92 657.94 
123.4 634.34 634.36 634.38 634.39 634.39 634.39 634.40 634.39 634.41 634.42 634.43 


ate Get 671.62 = 671.10 670.70 670.57 670.50 670.49 670.4% 670546 670.3% 670.19 
14.6 669.70 669.79 669.80 669.78 669.74 669.69 669.66 669.55 669.50 669.45 669.37 

48.8 660.2 660.29 660.27 660.27 660.26 660.26 660.27 660.29 660.30 660.32 660.34 

79-2 644.34 644.31 644.28 644.26 644.25 644.22 644.26 644.27 644.28 644.28 644.29 

105.2 630.84 630.93 630.99 631.07 631.13 631.19 CB 25 163 1 ee emo ta One tO dae deems 1.26 


Itt 4.6 656.54 656.48 656.16 655.99 655.87 655.80 655.74 655.71 655.65 655.51 655.21 
46.6 638.80 638.78 638.76 638.78 638.77 638.77 638.81 638.80 638.81 638.81 638.82 
73-8 639.64 639.52 639.61 639.64 639.59 639.59 639.59 639.60 639.61 639.61 630.61 


96.6 628.2 630.30 631.96 639.61* 640.36 640.98 641.55 642.00 642.39 642.78 643.10 
IV 3.4 638.74 639.03 639.16 639.30 639.32 639.25 639.02 638.83 638.73 638.65 638.60 
22.6 636.88 636.85 636.85 636.92 636.94 636.95 636.97 636.99 6377 JO) 163702) * 1637.08 
79 034-93 = 1634.91 634.83 634594 634.95 - 694.97 -635.00- 635202 1635e0" 1655205) 9635.07 
72.5 625.67 625.87 626.00 626.22 626.39 626.53 626.68 626.78 626.88 626.98 627.10 
V LO? ORD e2 629.18 629.20 629.31 629.42 629.55 629.65 629.69 629.71 629.66 629.58 


21.9 627.85 627.87 627.91 627.93 627.95 627.9% 627.96 627.98 628.00 627.96 627.94 
47.5 624.10 624.06 624.06 624.03 623.98 623.97 623.99 623.98 623.98 624.00 624.02 
689) 621.12 (621.08 Gatos 624.01 62,61 621.04 621.00 G2i.02 621.0% 624,01 G21.201 


ee 


NEST AND PIEZ. WATER LEVELS metres above mean sea level 
LEVEL m. DEPTH Apr May Jun Jul Jul Sep 
Bainle Soaks m 10/73 8/73 6/73 B78 Balas 1/73 

I t8.8 (675.07 675-14 674.599 674.95 675.03 674.95 


EGO eOOa~ Ss sOoveit O67e7 3 (O67) GO7e 7 OOM ant 
83.8 657.95 657.95 657.9% 658.00 657.96 658.03 
123049 63444 694.44 634.44 634.45 634.45 634.43 


saat Go Creel TSRA@eis) (ile@s) Wyant) Gales) Gyharls 
44.6 669.34 669.37 669.51 669.87 670.24 671.04 
48.8 660.38 660.38 660.38 660.43 660.41 660.49 
79.2 644.28 644.27 644.26 644.30 644.27 644.31 


AOS eos d eo 5O OS te56 631 60m OSdOo) (631.72 SOs 7.9 


1iagae 4.6 655.26 656.02 656.25 656.53 656.57 657.42 
46.6 638.79 638.81 638.78 638.84 638.81 638.87 
73.8 639.64 639.64 639.63 639.63 639.67 639.71 
96.6 643.29 643.50 643.68 643.83 643.96 644.08 


IV Be O38e57) 630550 638.20 638.11 (638.09 (638538 
22.6 636.81 636.94 636,92 637.05 637-00 637.15 
NROmnGS5 uit 65565) 68511 = 685.13 Sb disn 655.15 
Wes G2 Tes O27 .s5 8 O27 +45 O27 50 027.57 O27 605 


Vv 10.7 629.43 629.29 629.18 629.16 629.15 629.35 
21.9 627.74 624.10 624.11 624.13 624.09 624.09 
47.5 624.09 624.07 624.08 624.10 624.06 624.06 
68.9 620.98 620.91 620.84 620.82 620.79 620.81 


ee a RR I a OE a AT TE TS 


* Following addition of water to pipe to hasten stabilization. 
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Appendix 9. 


SITE AND PIEZ. 


Hydraulic heads at the soil study sites given by 


Sloughs, water table access tubes (WT), and piezometers 
terminating at depths indicated (below ground level at 

the water table access tube), with values corrected (C) 
where necessary for basic time lag. 


HYDRAULIC HEADS 


metres above mean sea level 








LEVEL m. DEPTH Jul Jul Jul Jul Aug Aug Aug Sep Sep Oct 
asm siSie dls m. 6/71 14/71 PeiWraal 28/71 4/71 18/71 30/71 14/71 28/71 12/71 
1 Slough - - - 674.52 = = = = - 674.34 
WT - - = 674.49 674.44 674.41 674.35 674.32 674.28 674.27 
S05 674.64 674.60 674.51 674.25 674.49 674.30 674.25 674.25 674.25 674.24 
Gee 674.62 674.62 674.56 674.52 674.47 674.27 674.21 674.21 674.20 674.21 
12.19 - = = = = 2 672.57 672.57 672.59 672.60 
2 WT - - - = 674.18 674.03 673.96 673.93 673.93 673.96 
4.27 674.15 674.15 673.95 674.12 674.12 673.9% 673.85 673.85 673.89 673.93 
Tse) = = = Ss > 2 = if Z a 
Cc - - - oe = — = Ss = - 
13.41 = = - = = = = 6726330 672631 672629 
3 WT = = = 676.57 676.56 676.52 676.52 677.23 677.04 676.89 
Bic 3} = = = = 2 = 677-76 677-43 676.89 676.49 
8.23 = a a s e a 3 S 673-57 673-41 
1 38 - - - - - - - = = = 
Cc - - - = ral = ~ = = SS 
4 WT - = 644.39 644.36 644.33 644.19 644.14 644.06 644.00 643.98 
6.71 675.83 645.32 645.21 645.22 645.17 644.94 644.81 644.80 644.75 644.76 
12.80 = LS a a BS = = 645.31 645.26 645.23 
24.99 = - - - - - = = = = 
¢€ - - ~ ‘onl = - - - ax 
5 wr = = 2, = = = x = _ é 
4.57 639.45 639.45 639.45 639.45 639.45 639.42 639.40 639-37 639.32 639.27 
c 639.46 639.46 639.45 639.44 639.44 639-41 639.49 639.36 639.31 639.26 
62 = = = be = = = = = S 
ee Xe ry a = a = = = 639.11 639.11 
iS S a a = 2 L = = 639. ttm O39 at 
6 WT = = 637-53 = = a S 2 z = 
1.83 e . = = - 637-15 637-13 637.14 637.15 637.19 
4.27 = 637.18 637-20 637-23 637.21 637.15 637.13 637-13 637.10 meee 
ore ‘ : j : j 2 : : - 637.36 
12.19 - = = = = 7 : ‘ 5 x 
; 3 : e 2 A : Rye e37 374 
hg 2s ; ; ; : A ¥ p = 637-70 637.72 
: 5 6 5! : z 4 : E 637. 637.10 
Antae - 637-54 637-52 637.60 637.61 637.61 637-54 637.50 637.27 637. 
6.71 - - = 2 : 7 Fi Fe 5 ; 
© 7 a a * re i 4 - e - 
12.80 - = = i 7 . 3 2 3 E 
c - a = = . 7 ir + bi = 
24.99 - = = a % 5 : : 2 af 
7 e ‘ 2 _ es S = 
- a e 633-75 633-71 633.60 633.55 633.50 = = 
: oe 18(1) - - - - - - - 633.67 633.67 633.58 
(2) . - : ; : 5 5 4 B ; 
(3) - = 5 = ‘ ic y 2 2 Z 
8.23 - z= af 5 y i 4 = ¥ a 
c - 2 " ‘a xs . 2 = 633.01 
14.33 = = ae i 632.79 
9 Slough : Z es = E : E 632.95 632.95 632.95 
wr a ‘a : 3 E: x , - 632.99 632.95 
2. 4h z iz is : Z ‘ - § 632.96 632.91 
c = = = z 5 
6.10 - = > ; : F e : 7 : 
c = « - ir = Ls * = = - 
12.19 = = r = i, z " . - = 
c a. = = es Z & = io - 
24.38 - = Zz a a 
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HYDRAULIC HEADS 


SITE AND 
LEVEL m. 
a.m.s.l. 


eS oS avmvmWmvrr'™” 10 ovo 


1 


PIEZ. 
DEPTH 


Me 


Slough 

WT 
3.05 
6.10 

12.19 


WT 
4.27 
7-32 

c 

13.41 


WT 
5.18 
8.23 

WSs} 


c 


Wr 
Gaz 

12.80 

24.99 


c 


Wr 
4.57 
c 
7-62 
1972 
c 


WT 
iro) 
4.27 
6.10 


LZ 9) 
c 
24.38 
c 


WT 
3.66 
(Gye 

Cc 
12.80 

Cc 
24.99 

c 


WT 
5.18(1) 
(2) 
(3) 
8r23 
(od 


14.33 


Slough 
WT 
2.44 


Oct 
26/71 


674.34 
674.21 
674.15 
674.24 
672.65 


673.94 
673.92 


672.34 


676.74 
676.01 
673.33 


643.95 
644.76 
645.23 


639.24 
639.19 
638.47 
639.07 
639.06 


637.28 
637.19 
637.10 
637-36 
637-38 
637210 
637-70 


636.93 


Nov 


yoga 


674.17 
674.07 
674.03 
Omer, 


673.89 
673.88 
673.80 
673.80 
SHAG SS) 


676.65 
675.58 
673.25 


643.91 
644.77 
645.23 


639.14 
639.10 
638.45 
639.07 
639.07 


637.28 
637.20 
637.10 
637.36 
637.36 


OBigiertad 
637-72 


636.81 


638n On 
632.91 
632.87 
ESBS) 
632.99 
632.97 


Nov 


23/71 


674.13 
674.09 
674.03 
672.64 


673.86 
673.82 
673.79 
673.76 
672.34 


676.52 
675-52 
673.21 


644.36 
644.75 
645.24 


639.11 
639.10 
638.46 
639.07 
639.07 


637-30 
637.18 
(Ss W/c aks! 
637.37 
637-37 


637-74 
637.74 


636.66 


635.94 
635.91 


633.26 
633.16 


633.01 


632.89 
632.76 
632.69 
632.93 
632.90 


Dec 


8/71 


674.30 
674.02 
674.07 
674.85 
672.59 


673.82 
673-75 
673.78 
ae 
672.32 


676.42 
675-48 
673.24 


643.89 
644.74 
645.24 


639.08 
639.02 
638.48 
639.10 
639.10 


637.30 
637.20 
637.11 
637.38 
637.38 


637.76 
637-77 
636.63 


635.94 
635-90 


(S5)Shq ail 
63548 
633.06 
633.41 
633.50 
633-01 


632.77 


632.69 
632.64 
632.87 
632.81 


Dec 


18/71 


673.96 
673.93 
673.69 
672.54 


673.64 
673.75 
673.68 
672.32 


676.44 
675-39 
673.19 


643.88 
644.75 
645.24 


639.06 
638.93 
638.49 
639%5 Aid 
689m a 


637.15 
637.39 
637-39 


637-77 
637-79 


636.58 


Dec 


29/71 


673.89 
673.54 
673.57 
672.49 
673.55 
O73 G4 
673.63 
672.28 


676.37 
675.35 
Silos 


643.89 
644.76 
645.24 


638.97 
638.96 
638.50 
639.11 
639.11 


637.16 
637.39 
637.40 


637.80 
637.82 


636.64 


Jan 


16/72 


673.80 
673.42 
673.47 
672.46 


673.49 
673.65 
673.52 
672.27 


676.30 
675.36 
673.31 


643.92 
644.82 
645.26 


639.06 
639.08 
638.55 
639.17 
639.17 


637.23 
637.43 
637.45 


637.85 
637.85 


636.65 


635.94 
635.94 


632.82 
632.93 
632.94 
633.43 
633.38 
633.03 


632.56 
632.48 
632.73 
632.63 


metres above mean sea level 


Jan 


29/72 


673.71 
673522 
673.30 
672.37 


673.35 
673.58 
673.41 
672.23 


676.20 
675.35 
673.15 


643.91 
644.76 
645.24 


639.05 
639.04 
638.57 
639.20 
639.20 


637.26 
637-44 
637-44 


637.84 
637.83 


636.78 


(Continued) 


Feb 
10/72 


673.64 
673.22 
673-22 
672.32 
673.29 
673.50 
673-30 
672.17 
675-35 
673.18 


643.94 
644.75 
645.23 


639.04 
639.06 
638.58 
639.22 
639.22 


637-27 
637.46 
637.46 


637.84 
637.85 


636.82 
635.96 
635.96 


632.68 
632.84 
632.89 
633.33 
633.22 
633.02 


632.44 
632.33 
632.62 
632.48 
632.85 
632.97 


Feb 
29/72 


673.52 
673.07 
673.14 
672.23 
673.19 
673-41 
673.19 
672.15 
675-32 
683.11 


643.95 
644.72 
645.22 


639.07 
639.10 
638.62 
639.26 
639.32 


637.30 
637.48 
637.49 


637.86 
637-90 


636.86 


635.95 
635.97 


632.61 
632.74 
632.78 
633.24 
633.09 
633-03 


632.36 
632.25 
632.53 
632.42 
632.89 
632.97 
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SITE AND PIEZ. 


LEVEL m. 
aem.sel. 


1 


DEPTH Mar Mar Apr Apr May May Jun Jun Jul Jul 
m. Tey SeNRy fale) LOA eee une 10/72 23/72 6/72 20/72 3/72 18/72 
Slough - - 674.47 675.14 675.12 675.06 674.95 674.84 674.79 674.75 
WT 673-46 673.42 673.38 673.45 674.48 674.71 674.72 674.74 674.71 674.68 
8.05 673.04 673.08 673.21 674.20 674.86 674.96 674.76 674.71 674.67 674.87 
6.10 673-08 673508 4673.19 673.99 674.93 674.92 674577 674.565 674.561 674,52 
12.19 672.23 672.20 672.17 672.43 672.79 672.93 672.90 672.89 672.84 672.81 
WT - - = es 674.21 674.50 674.49 674.40 674.32 674.29 
4.27 673.15 673.12° 672.96 673.73 674.45 674.55 674.44 674.35 674.27 674.25 
7-32 G73e87 HO736S3 BO73625 BO73.383 B67 3.54 1673079) 673597 ,Ore06  O72.45) C7 edi7 

c 673-17 673-17 673.29 673.58 674.14 674.33 674.26 674.24 674.24 674.23 
ASL Sl 672-08) 672404 672.04 672.411 672-27 - G72s4n6) 672.52 672550) 072.57 O7eeo 
WT - - - 678.48 677.97 677.64 677.43 677.31 677.21 677.08 
5.18 675.34 (675.34 675.32 677.29 677-19 677.24 677/05 6760.88) 676,67 676.55 
8.23 673675507 6675403) 672695) 672-90) 6672699) wo7 3.05 morse Item O7oO 5) O7 a0 16 
14.33 - = = - 672002) O72e22 POvenee Ore. fon Onesce sO eZe 
c - - - = 672-22 672.22 672.22 672.22 672.24 672.23 
wr 643.98 644.00 644.41 644.40 644.69 644.96 644.94 644.70 644.50 644.33 
Gora 644.75 644.81 645.09 645.48 645.64 645.62 645.44 645.22 645.04 644.87 
12/100 645.21 645.21 645.45 645.69 645.86 645.88 645.83 645.74 645.66 645.58 
24.99 - - 643.18 643.21 643.20 643.19 643.17 643.19 643.19 643.17 
c = 5 643.23 643.21 643.20 643.18 643.16 643.15 643.14 643.18 
WT = E = = = = S 639.14 639.16 639.15 
4.57 639.08 639.10 639.11 639.14 639.16 639.18 639.20 639.20 639.20 639.20 
c 639.11 639.11 639.13 639.16 639.17 639.20 639.22 639.22 639.19 639.17 
ioe 638.64 = = = = 638.66 = = 638.56 638.56 
TS rie 639.35 639.31 639.32 639.31 639.30 639.28 = - 639.21 639.18 
c 639.37 639.31 639.32 639.31 639.29 639.28 639.25 639.24 639.21 639.18 
WT = as = - = 637-48 637.27 637.17 637.20 637.21 
1.83 = = ie é = s 637.22 637.19 637.18 637.20 
4.27 637-29 637.30 637.30 637.31 637.29 637.23 637-13 637-09 637.07 637.06 
6.10 637.50 637-52 637.52 637.53: 637.57 637.56 637.56 637053) 637.9015 O37 29 
c 637-51 637.52 637.52 637.55 637-57 637.56 637.55 637.52 637-50 637.46 © 
42619 2 S = 2 = = a o - = 
Cc = - - - - - - - - - 
24.38 637-89 637-89 637.90 637.91 637.89 637.87 637.82 637.82 637.82 637.82 
c 637.93 637-92 637-93 637.91 637.88 637.85 637.81 637.82 637.82 637.82 
wT = = = = 2 = - - 637.54 637.53 
3.66 636.87 636.89 636.90 636.92 636.96 637.15 637.30 637.46 637.48 637.44 
Gana 2 = S 2 636.70 636.70 636.70 636.69 636.68 636.67 
c = a S é 636.53 636.54 636.55 636.57 636.61 636.67 
12.80 = = = = = 636.66 636.75 636.64 636.62 636.61 
c ” as _ = cs 636.66 2 636.49 636.43 636.39 
24.99 635-97 635-98 635.98 636.00 636.60 635.99 636.01 636.02 636.03 636.03 
c 635.97 635-98 635.99 636.00 636.02 636.02 636.03 636.04 636.05 636.06 
wT = = = 633-70 633-71 633-65 633.58 633.54 633.50 - 
5.18(1) 632.61 632.59 632.57 632.55 632.52 632.62 632.77 633.01 633.17 633.30 
(2) 632.71 632.68 632.62 632.59 632.59 632.61 632.66 632.72 632.84 632.96 
(3) 632.76 632.71 632.67 632.65 632.61 632.70 632.64 632.68 632.78 632.89 
8.23 633.19 633.12 633.04 632.88 632.85 632.79 632.72 632.66 632.65 632.66 
c 633.03 632.97 632.84 632.73 632.65 632.59 632.58 632.60 632.63 632.72 
14.33 633.04 633.04 633.05 633.05 633.04 633.05 633.05 633.05 633.04 633.04 
Slough e - 633.00 633.13 633-09 632.88 632.83 632.65 632.65 632.46 
WT s as af 3 632.80 632.78 632.78 632.77 632.78 632.78 
2.44 632.32 632627 632.23 632.28 632.36 632.46 632.55 632.64 632.69 632.74 
ic 632-21 632.20 632.23 632.31 632.41 632.49 632.58 632.67 632.72 632.77 
6.10 632-42 632.41 632.37 632.43 632.46 632.50 632.50 632.59 632.67 632.76 
c 632.37 632-35 632.37 632.43 632.50 632.55 632.60 632.68 632.74 632.83 
12.19 632-91 632.91 632.91 632.91 632.89 632.87 632.87 632.77 632.72 632.67 
c 632.96 632.94 632.91 632.86 632.82 632.78 632.72 632.66 632.61 633.55 
24.38 = = ~ - - = = Ee = 3 


HYDRAULIC HEADS 


metres above mean 


sea level 


(Continued) 
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SITE AND PIEZ. 


LEVEL m. 


DEPTH 


Jul 


HYDRAULIC HEADS 


metres above mean sea level 








Aug Aug Sep Sep Oct Oct Nov Nov Dec 

amiterse lye m. Aye BYR OVP MER ABB SOG Bie (Wye PY 9/72 
at Slough 674.67 674.67 674.60 674.53 674.55 674.51 674.46 674.44 674.44 = 
wT 674.75 674.73 674.71 674.60 674.57 674.57 674.55 674.53 674.52 e 

3.05 674.64 674.61 674.50 674.42 674.44 674.44 674.46 674.37 674.33 674.11 

6.10 674.55 674.55 674.42 674.39 674.44 674.39 674.36 674.35 674.28 674.15 

12.19 O7279) O7eetS  O72eie 672609 672.04 672.60 672.65 672,09) 672.07, 67203 

2 Wr G7 uO Tee COA SOT be TOW eee 674.25 674.2 674.24 674.20 674.12 

ey) 674.29 674.29 674.17 674.09 674.22 674.1% 674.20 674.16 674.16 674.04 

yey 674.18 674.20 674.20 674.17 674.04 674.17 G67ast7 674.08 674.03 672.04 

c C722 O77 eece O74,2% 674.15 674e13)  O74.18) O74.1e 674.07 674-03) (07/2605 

13.41 6720 oom OTe OF 2655) 672053 MOTeese 1672655) 672.55 9 O72 Ole O72. 5101 2em> 

3 WT 677.03 676.56 676.42 675.89 675.77 675.64 675-55 675.50 675.43 675.39 

5.18 676r 540) O7opeIe 676.30) 675654 (67554 0 675954 O75 95, OF 35 Opes te Ol oaoe 

8.23 SYa022 CEssae Grav BS oSO. GEns0 Grosse Geet Bendy S/7so99 OP ses2 

AW e938) 672.26 672.25 672.28 672.25 672.2% 672.26 672.26 672.25 672.26 672.26 

c 672.26 672.25 672.28 672.25 672.24 672.26 672.26 672.25 672.26 672.26 

4 WT 644.26 644.13 644.07 644.01 644.03 644.00 643.99 643.99 643.98 643.98 

Gaal 644.83 644.82 644.74 644.67 644.67 644.69 644.73 644.75 644.74 644.76 

12.80 645.54 645.45 645.41 645.35 645.17 645.19 645.20 645.21 645.21 645.23 

24.99 643.17 643.18 643.17 643.16 643.15 643.14 643.15 643.15 643.14 643.15 

c GE5ct2)) 64g.12, Giseie 6439.12) 643.40 643c42)) Ges.de 643.13 643.045 G45.45 

5 WT 639.16 639.16 639.15 639515 639.15 639.43 639.43 639.13 639.42 639.12 

Lely, 639.19 639.18 639.24 639.17 639.28 639.22 639.19 639.14 639.11 639.07 

c 639-17 639.20 639.28 639.32 639.28 639.21 639.17 639.14 639.10 639.07 

V/A) 638.55 638.58 638.60 638.59 638.61 638.60 638.57 638.59 638.59 638.58 

Taree 639.17 639.14 639.18 639.22 639.20 639.14 639.14 639.13 639.15 639.17 

c 639.16 639.16 639.20 639.22 639.18 639.14 639.14 639.13 639.15 639.17 
6 WT Bene GSiosO s/o) “GSi/oSe Gsy/esie: Osi/aste) Csy/aets = = = 
1.83 637-20 | 63725) O37 ee>) Oo 7e2 Os7 eo) Ol 7-2 OBiioa Osrnes Osi/se2 = 

4.27 GayoOS Calin shld Gsrloddl “ESOS OR7foOs) CsraOs) Bslzfo@  sizceu 637.08 

6.10 637.46 637.47 637-47 637.49 637.44 637.42 637.43 637.42 637-42 637.42 

c 637565) 637ky G37eL7, C3749 637.42 63742 | O33 OS (O37ese 637-43 

12.19 = = Gaia Ooo GsiyoiG sions Osijlodkyy Corot slay Tosyont! 
Cc - =e & oS = a os = (= 

24.38 GEE Bye GBC “Gsrfony Garon “sion Wirony 637-79 637-80 637.81 

© 637.92 637-85 637-79 637-76 637-77 637-79: 637.78 637.78) 637.180 637-83 

ia WT 637-52 637-51 637-49 637.46 637.44 637.43 637.42 637.40 637 39) OSs 

3.66 637.44 637.44 637.45 637.44 637.25 636.98 636.86 636.76 636.67 636.62 

Greil 636.68 636.69 636.71 636.71 636.75 636.76 636.77 636.78 636.7 fa) 03067 @ 

c 636.69 636.78 636.82 636.87 636.90 636.91 636.92 636.91 636.90 636.86 

12.80 636.60 636.59 636.57 636.55 636.54 636.53 636.54 636.53 636.53 636.54 

c 636.39 636.37 636.37 636.39 636.39 636.42 636.47 636.51 636.59 636.68 

24.99 636.03 636.05 636.04 636.04 636.04 636.03 636.04 636.04 636.04 636.05 

c 636.06 636.05 636.04 636.03 636.03 636.03 636.03 636.04 636.04 636.04 

8 WT = 3 633-05 633.01 632.96 632.94 632.87 632.83 632.76 632.70 

5.18(41) 633.37 633-50 633.57 633.65 633.71 633.65 633.54 633.43 633.31 633.15 

(2) 633.03 633.22 633.31 633.38 633.47 633.50 633.48 633.45 633.40 633.29 

(3) 632.91 633.09 633-15 633.25 633.32 633.37 633.37 633.37 633-35 633.27 

8.23 632.68 632.79 632.87 632.95 633.04 633.15 633.24 633.31 633.37 633.41 

C 632677 632-96 633.06 633.17 633.27 633.36 633.44 633.48 633.49 633.46 

Peal) 633.03 633.05 633.04 633.03 633.02 633.03 633.03 633.01 633.01 633.02 
9 Slough 632.55 632.62 632.50 632.47 632.57 Celts) (953245535) = 632.51 = 
wr 632-77 632-77 632-78 632.80 632.80 Geos) OsPavl sear OBeard - 

2.44 632.75 632-81 632.82 632.82 632.81 632.77 632.69 632.63 632.58 632.49 

c 632.79 632.83 632.83 632.82 632.79 632.73 632.63 632.60 632.54 632.42 

6.10 632.80 632.92 632.96 632.99 632.99 632.95 632.90 632.84 632.77 632.68 

c 632.88 632.98 633.00 633.00 632.98 632.92 632.85 632.81 632.74 632.56 

12.19 632.65 632.62 632.62 632.65 632.60 632.60 632-61 632.63 632.66 632.69 

Cc 632-54 632.53 632.53 632.55 632.56 632.60 632.65 632.70 632.7% 632.81 

24.38 a eg a Bs 23 = a = 632.81 632.81 


(Continued) 
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SITE AND PIEZ. 


LEVEL m. 
aem.sel. 


ee aaa a nnn eee 


1 


to 


St 


DEPTH 
m 


Slough 

WT 
O05 
6.10 

12.19 


WT 
eye! 
Tose 

c 


13.41 


wr 
5.18 
8.23 

14.33 


c 


wT 
6.71 

12.80 

24.99 


c 


WT 
4.57 
c 
ae: 
13.72 


Dec 


18/72 


674.04 
Syl! 
672.62 


674.08 
674.00 
674.04 
674.07 
672.55 


675.39 
675533 
i755 3}7/ 
672.26 
672.26 


643.98 
644.77 
645.24 
643.14 
643.16 


639.14 
639.06 
639.05 
638.59 
639.20 
639.20 


Solya wal 
637-43 
637-43 
637.20 


637.82 
637.83 


637-37 
636.64 
636.78 
636.85 
636.55 
636.72 
636.04 
636.04 


632.68 
633.09 
633.24 
633.22 
633-43 
633.43 
633.02 


632.42 
632.22 
632.60 
632.44 
632.73 
632.86 
632.81 


Dec 


31/72 


G73R 97 
674.11 
672.51 


674.00 
673.94 
674.03 
674.02 
672.54 


675.38 
675.33 
673).32 
672.28 
672.28 


643.99 
644.75 
645.23 
643.16 
643.17 


639.10 
639.04 
639.04 
638.63 
639.21 
639.21 


Bia oy) 
637-43 
637.42 
637.21 
637.25 
637.84 
637-85 


636.63 
636.69 
636.78 
636.77 
636.57 
636.79 
636.05 
636.04 


632.65 
633.02 
633.17 
633.19 
633.43 
633.37 
633.02 


632.34 
6B2neT. 
632.49 
632.34 
632.76 
632.84 
632.83 


HYDRAULIC HEADS 


Jan 


13/73 


673.76 
673.87 
672.40 

73-92 
673.87 
673.70 
674.00 
672.50 


675.38 
C7 5a 833) 
673.41 
672.26 
672.26 


644.00 
644.79 
645.23 
643.17 
643.20 
639.05 
639.05 
638.61 
639.24 
639.27 


637-09 
637.43 
637.43 
637-21 
63725 
637.84 
637.84 


636.64 
636.69 
636.78 
636.76 
636.67 
636.84 
636.05 
636.05 


632.63 
632.92 
633.08 
633.13 
633.41 
633.32 
633.03 


632.26 
632.16 
632.34 
632.24 
632.78 
632.83 
632.84 


Jan 


27/73 


673.83 
673.61 
ORB 7 


673.83 


673-95 
672.47 


675.37 
675.32 
673.22 
672.26 
672.26 


643.99 
644.70 
645.21 
643.17 
643.22 


639.04 
639.03 
638.62 
639.27 
639.30 


637.18 
637.43 
637.43 
Gai recenk 
637.2 
637.84 
637.84 


636.58 
636.68 


636.75 
636.61 
636.89 
636.05 
636.06 


632.57 
632.86 
633.00 
633.06 
633.37 
633.25 
633.03 


632.16 
632.09 
632.25 
62a 15 
632.78 
632.78 
632.85 


Feb 
10/73 


673.75 
673.45 
673.58 
672.23 


673.80 


673.78 
672.38 


675.34 
675.32 
673.28 
672.26 
672.26 


643.99 
644.74 
645.18 
643.19 
643.2 


639.04 
639.05 
638.65 
639.27 
639.29 


(Syshrea ale; 
637.44 
637-44 
637-21 
637'.25 
637.85 
637.85 


636.63 
636.70 
636.77 
636.74 
636.62 
636.89 
636.05 
636.07 


632.53 
632.75 
632.86 
632.95 
633.24 
633.16 
632.99 


632.06 
631.98 
(SVE lis} 
632.07 
632.80 
632.74 
632.86 


Feb 
26/73 


673.63 
673.26 
673.41 
672.42 


673-47 


673.56 
672.2 


675.32 
675.32 
673.18 
672.26 
672.26 


644.01 
644.69 
645.18 
643.20 
643.27 


639.06 
639.06 
638.68 
639.29 
639.33 


637.16 
637-45 
637-47 
637-21 
6317-25 
637.84 
637.84 


636.70 
636.71 


636.73 
636.64 
636.87 
636.06 
636.08 


632d 
632.68 
632.78 
632.87 
633.17 
633.06 
632.99 


631.96 
631.90 
632.08 
632.00 
632.73 
632.64 
632.88 


Mar 
13/73 
672) 55 
673.20 
673.37 
672.31 
673-55 
673.42 
G7 37 2 
(yaa 
672-31 


675.32 
675.32 
673.27 
672.30 
672.30 


644.02 
644.74 
645.19 
643.22 
643.26 


639.04 
639.04 
638.73 
639.32 
639.36 


637.20 
637.47 
637-49 
637.22 
637.25 
637.89 
637.90 


636.83 
636.81 
636.73 
636.67 
636.84 
636.07 
636.14 


632.48 
632.68 
632.78 
632.86 
633.17 
632.98 
633.04 


631.92 
631.84 
632.01 
631.91 
632.67 
632.55 
632.90 


metres above mean sea level 


Mar 
277703 


674.48 
673.56 
Of Be 2S 
C7335 
Grae 


673-46 
672.25 
Gow 
675.32 
673.19 
672.30 
672.30 


644.04 
644.89 
645.27 
643.23 
643.26 


639.06 
639.06 
638.75 
639.32 
639.32 


637.20 
637-49 
637.52 
637.22 
637.25 
637.89 
637.89 


636.85 
636.80 
636.72 
636.68 
636.80 
636.07 
636.14 


632.59 
632.63 
632673 
632.80 
633.09 
632.89 
633.04 


632.70 
631.90 
631.80 
631.99 
631.88 
632.60 
632.44 
632.91 


(Continued) 


Apr 
10/7 3 


674.79 
673.60 
674.00 
674.00 
672.23 
673.73 
673.61 
673.61 
672.22 


675.29 
675.31 
673.10 
672.30 
672.30 


644.62 
645.16 
644.88 
643.24 
643.25 


639.05 
639.05 
638.66 
639.32 
639.30 


637.44 
6317.03 
637.50 
637.50 
637.23 
C8725 
637.91 
63709 L 


636.83 
636.80 
636.72 
636.68 
636.75 


636.14 


632.43 
632.58 
632.68 
632.77 
633.01 
632.81 
633.05 


632.83 


631.85 
631.80 
631.93 
631.86 
632.60 
632.37 
632.93 


Apr 
2h/73 


674.74 
67 3.85 
674.2 
674.27 
(WePino, 
674.03 
673.68 
673.97 
672234 
675-27 
676. 24 
O73 Oi) 
672.28 
672.28 


644.23 
645.35 
645.64 
643.24 
643.24 


639.06 
639.06 
638.63 
639.30 
639.29 


637.46 
637.24 
637.16 
637-48 
637.46 
637.22 
637.24 
637.90 
637.90 


636.69 
636.81 
636.81 
636.71 
636.68 
636.68 
636.07 
636.14 


632.40 
632.57 
632.65 
632 n 
632.93 
632.73 
633.05 


632.75 
632.65 
631.82 
631.80 
631.89 
632.02 
632.53 
6386 30 
632.94 
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I _~ 
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A 


SITE AND PIEZ. 


LEVEL nm. 
a.m.Sel. 


EN 


1 


fo 


DEPTH 


mM. 


Slough 

WT 
3.05 
6.10 

12.19 


WT 
ea 
(er 

c 

Tis aeel 


wT 
5.18 
8.2 
Ae 6333 
c 


WT 
Dio 7dil 
12.80 
24.99 
c 


WT 
Ke57 
c 
7-62 
13.72 
c 


WT 
183 
4.27 
6.10 

Cc 
12.19 

c 
24.38 

c 


WT 
3.66 
6.71 

c 

12.80 

c 
24.99 
c 


Wr 
5. 19 1) 
(2) 
(es)) 
8.23 
Cc 


14.33 


Slough 
wT 
2.44 


May 
8/73 


674.77 
673.89 
674.49 
674.59 
672.52 


674.28 
674.46 
673.82 
674.25 
672.40 


677.80 
676.52 
673013 
672.28 
672.28 


644.46 
645.51 
645.75 
643.23 
643.21 


639.06 
639.06 
638.71 
639.29 
639.29 


637.46 
637.20 
637.20 
637.48 
637.49 
637-22 
637.21 
637-91 
637.91 


636.70 
636.99 
636.82 
636.70 
636.68 
636.64 
636.07 
636.09 


632.41 
632.56 
632.61 
632.65 
632.83 
632.66 
633.05 


632.73 
632.64 
631.83 
631.86 
631.95 
632.07 
632.48 
632.28 
632.95 


May 
22/73 


674.69 
674.06 
674.43 
674.51 
672.58 


674.40 
674.37 
673.97 
674.26 
672.51 


677-49 
676.49 
673.11 
672-32 
672.33 


644.62 
645.45 
645.75 
643.22 
643.19 


639.37 
639.07 
639.07 
638.72 
639.25 
639.23 


637-43 
637.19 
637.18 
637.49 
637.49 
GSWinee 
637-20 
637.92 
637-92 


636.90 
637-05 
636.77 
636.69 
636.68 
636.59 
636.10 
636.10 


632.45 
632.60 
632.61 
632.65 
632.76 
632.61 
633.05 


632.63 
632.52 
631.88 
631.96 
631.94 
632.15 
632.43 
632.27 
632.97 


HYDRAULIC 


Jun 


BAT 


674.58 
674.13 
674.27 
674.38 
672.58 


674.31 
674.25 
674%.04 
674.27, 
672.55 


677.06 
676.34 
673.09 
672.32 
672.35 


644.69 
645.31 
645.66 
643.20 
643.18 


639.27 
639.07 
639.07 
638.61 
639.22 
639.20 


637-22 
637.20 
637-03 
637-48 
637.48 
63 7eew 
637-18 
637.91 
637.89 


Gaius 
637.20 
636.75 
636.69 
636.64 
636.56 
636.10 
636.11 


632.53 
632.70 
632.63 
632.64 
632.68 
632.59 
633.04 


632.42 
632.48 
631.98 
632.10 
632.03 
632.22 
632.38 
632.28 
632.97 


Jun 


19/73 


674.72 
674.18 
674.52 
674.66 
672.70 


674.57 
674.57 
674.08 
674.22 
672.67 


676.76 
676.28 
673.10 
672.33 
672.43 


644.66 
645.44 
645.66 
643.20 
643.20 


659.27 
639.07 
639.08 
638.59 
639.21 
639.23 


637.28 
637-20 
637.17 
637.48 
637.48 
637.22 
637.19 
637.91 
637.91 


637.30 
637.37 
636.78 
636.69 
636.64 
636.51 
636.10 
636.12 


632.62 
632.91 
632.73 
632.70 
632.68 
632.59 
633.16 


sae 7/ 
632.48 
632.14 
632.27 
632.28 
632.45 
632.36 
Ggews 2 
632.98 


HEADS metres above mean sea level 


Jul 
3/73 


674.73 
674.26 
674.61 
674.61 
672.75 


674.54 
674.49 
674.23 
674.39 
O72 ent 
677.03 
676.33 
673.14 
672.38 
672.47 


644.74 
645.58 
645.86 
643.23 
643.23 


639.46 
639.13 
639.23 
638.74 
639.24 
639.23 


637.44 
637.37 
637.18 
637.49 
637.49 
637.23 
637.21 
637.91 
637.89 


637-39 
637.47 
636.76 
636.72 
636.64 
636.49 
636.12 
636.14 
632.7% 
633.10 
632.84 
Gsieeirnt 
632.66 
632.61 
633.16 


632,81 
632.48 
632.30 
632.45 
632.44 
632.51 
632.36 
632.36 
632.98 


Jul 
LT 03 


674.72 
674.28 
674.38 
674.46 
672.74 


674.41 
674.36 
674.27 
674.39 
672.72 


676.84 
676.34 
673.19 
672.40 
672.48 


644.77 
645.40 
645.80 
643.23 
643.22 


639.37 
639.17 
639.21 
638.57 
639.21 
639.19 


637.22 
637531 
637.10 
637.48 
637.48 
637.22 
637.22 
637.86 
637.81 


637-46 
637.54 
636.75 
636.70 
636.63 
636.45 
636.12 
636.14 


632.96 
633.34 
632.98 
632.91 
632.66 
632.67 
633.16 


632.66 
(Sao byl 
632.42 
632.62 
632.54 
632.63 
632.37 
632.41 
632.98 


Jul 
38778 


674.74 
674.30 
674.45 
674.53 
672.75 


674.42 
674.45 
674.29 
674.40 
672.74 


676.63 
676.30 
673.27 
672.42 
672.48 


644.71 
645.26 
645.71 
643.23 
643.22 


639.36 
639.17 
639.19 
638.54 
639.18 
639.18 


637.29 
637.24 
637s 
637-49 
637.49 
637.23 
637.26 
637-79 
637-76 


637-52 
637.61 
636.75 
636.71 
636.61 
636.42 
636.13 
636.13 


633.10 
633.54 
633.15 
633.03 
632.67 
632.73 
633.16 


632.66 
632-55 
632.60 
632.76 
632.67 
632.87 
632.38 
632.43 
633.00 


Aug 
Ce te 


674.93 
674.32 
674.72 
674.84 
672.91 


674.77 
674.75 
674.39 
674.51 
672.85 


677-47 
676.39 
673.44 
672.42 
672.47 


644.85 
645.65 
645.91 
643.23 
643.24 


639.56 
639.18 
639.22 
638.67 
639.20 
639.21 
637.51 
637-45 
637.28 
637.49 
637.49 
637.26 
637.29 
637.79 
637.81 


637.58 
637-67 
636.75 
636.75 
636.59 
636.37 
636.12 
636.12 


633.50 
633.80 
633.40 
633.22 
CBee 
632.86 
633.15 


632.81 
632.60 
632.74 
632.92 
632.90 
633.07 
632.39 
632.45 
633.02 


Sep 
Wz) 


674.93 
674.34 
674.71 
674.80 
673.00 


674.74 
674.72 
674.48 
674.54 
672.98 


677-22 
676.42 
(S7/SIS35) 
672.44 
672.47 


644.92 
645.69 
646.00 
643.25 
643.26 


639.60 
639.24 
639.30 
638.80 
639.21 
639.20 


637-55 
637-53 
637.32 
637.50 
637.50 
637.26 
6371.25 
637.82 
637.82 


637.57 
637-67 
636.76 
636.83 
636.57 
636.16 
636.12 
636.11 


633.85 
634.01 
633.59 
633.40 
632.82 
632.96 
633.14 


632.76 
632.66 
632.87 
633.06 
632.98 
633.07 
632.41 
632.49 
633.03 


Sep 
14/73 


674.90 
674.35 
674.67 
674.80 
673.00 


674.67 
674.65 
674.45 
674.34 
673.00 


676.93 
676.35 
673-34 
672.44 
672.47 


644.96 
645.55 
645.99 
643.2 

643.25 


639.49 
639.26 
639.33 
638.79 
639.16 
639.14 


637.48 
637.52 
637.28 
637-51 
637-51 
637.23 
637.21 
637.82 
637.83 


637-49 
637.58 
636.76 
636.85 
636.56 
636.63 
636.12 
636.41 


633.85 
634.12 
633.74 
633.54 
632.92 
633.04 
633.14 


632.73 


633.00 
633.00 
633.03 
633.02 
632.44 
632.55 
633.04 
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VS 


SITE AND PIEZ. 


LEVEL m. 
aemesel. 


—_—_——— 


1 


DEPTH 
m. 


Slough 

WT 
3.05 
6.10 

12.19 


wT 
4.27 
7-32 
c 


13.41 


WT 
5.18 
8.23 

14.33 

c 


WT 
6.71 

12.80 

24.99 


c 


WT 
4.57 
c 
7-62 
si arg 
c 


wr 
103 
4.27 
6.10 

c 
219 

Cc 
24.38 


c 


WT 
3.66 
6n7 1 

c 

12.80 

Cc 
24.99 


c 


wT 
5.18(1) 
(2) 
(3) 
8.23 
c 


Wes Bh} 


Slough 
WT 
2.44 


Sep 
25/73 


HYDRAULIC HEADS 


metres above mean sea level 


214 
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Appendix 10. Hydraulic heads at supplementary study sites given 


by sloughs, and piezometers terminating at depths 
indicated (F=frozen). 


SSS ee a ee ee ee ee ee ee ee a ee eee 








Bee AND nea HYDRAULIC HEADS metres above mean sea level 
LEVEL m DEPTH Jul Jul Jul Jul Aug Aug Aug Sep Sep Oct Oct Nov 
Bem. Sel. nie (SYN AME EG NADI rash TREY ra dS Te 30/7 wierd 28 7a 2 7g 26/7 9/7 
ae hie . c - - - 637.92 637.89 637.86 637.83 637.79 637-75 637-71 
27 = 638.18 638.16 638.17 638.13 638.06 637.99 638.02 637.98 638.00 638.02 637.97 
ja Slough - = - - = = Dry Dry Dry Dry Dry Dry 
persis) = = = é . a = z = = es 2 
4.88 = = = = S 3 O37.57 BO7.32) GS7.30) OS7.27 “O37. ee 637.20 
7b Slough 636.45 636.43 Dry Dry Dry Dry Dry Dry Dry Dry Dry Dr 
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Appendix 12. Moisture at 10 cm depth between April and November 
derived from Neutron Probe readings. 
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Appendix 16. 





SITE HORIZON 
OR DEPTH May 8/72 Sep 28/72 





1 Ah 
Bmg1 
Bmg2 
BCg 
100 
150 
200 
250 
300 


2 Ap 
Ae 
Btg 
BCg 
100 
150 
200 
250 


Ahe 
Bt 


100 
150 
200 
250 
300 


Ah 


Cca 
100 
150 
200 
250 
300 


Bntj 


cm 
cm 
cm 
cm 
cm 


k 


BCcasa 
50 cm 


100 
150 
200 
250 
300 


cm 
cm 
cm 
cm 
cm 


Oet2 
EO 2 
-0.08 
-0.32 
-0.41 
-Oe42 
= O39 
=OnO7. 
-Omi2 


Oe 
-0.40 
=Oe7 
-0.50 
= Oeti 


* -0.35 


-0.38 
-0.36 


-0.45 
-0.47 
-0.45 
-0.46 


-0.31 


-0.36 
-0.36 
-0.39 
-0.38 
-0.40 
-0.43 
-0.38 


-0.32 
OesH 
-0.40 
-0O.41 
eG} 
-0.47 
-0.30 
= O30 
-0O.31 


Eox 


eOed5 
BOn 17 
-0.18 
-0.18 
eon 
-0.18 
SOR 15 
One) 


-0.19 
-0.24 
-0.23 
-O.21 
-0.21 
-0.14 
-0.14 
-0.14 


=Onc0) 
-0,20 
-0.23 
“OEE 
=O 25 
=O 17, 
=0. 17 
SO diy 
Onto 


BOR i 
=O 17, 
=0.24 
=O. 47 
= Oey 
On Aly 
ORE 
Soy 


-0.22 
-0.21 
-0.21 
-0.20 
-0.19 
-0.20 
-0.03 
-0.03 
-0.03 


SITE HORIZON 
OR DEPTH May 8/72 Sep 28/72 


6 Ahk 
Bnsa 
Ccas 
Csk 
100 
150 
200 
250 
300 


7 Ah 
Ae 
Bnti 
Bnt2 
Ccas 
100 
150 
200 
250 
300 


8 Ap 
Ah 
Ae 
Bnt 
BCsa 
100 
150 
200 
250 
300 


9 Ahs 
Bnsa 
Besa 
Csak 
Ccas 
100 
150 
200 
250 
300 


k 


a 


cm 
cm 
cm 
cm 
cm 


-0.25 
-O.31 
-0.35 
-0.39 
-0.10 
+0.04 
-0.16 
-0.04 
-0.04 


-0.44 
-0.45 
-0.45 
Ose 
-0.46 
-0.46 
-0.45 
OCIS 
-0.40 
=O-133 


-0.44 
-0.48 
-0.48 
-0.49 
-0.50 
-0.40 
-O.41 
-0.43 
-0.45 
-O.41 


-0.35 
-0.35 
-0.35 
-0.35 
-0.42 
-0.43 
-0.45 
-0.44 
+0. 33 
+0,21 


Oxidation potentials determined on core samples in 
the field at the soil study sites. 





Eox 





Aly 
-0.24 
-0.09 
=O, 14 
-0.13 
O15} 
-0.04 


-0.24 
-0.28 
-0.27 
-0.27 
-0.29 
-0.29 
-0.29 
-0.04 
-0.04 


(0) h7/ 
EQOA, 
Oni 
=O 16 
-0.16 
-0.16 
-0.16 
-0.20 


-0.27 
-0.19 
-0.20 
-0.20 
-0.20 
-0.20 
-0.06 
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